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ABSTRACT 
Natural resources degradation in conventional cropping systems and renewable fuels 
agendas underscore the importance of developing alternative cropping systems which can 
both (1) conserve natural resources and (2) meet global demands for food, feed, fiber, and 
fuel. The integration of perennial groundcover (PGC) into annual grain cropping systems is 
uniquely positioned to achieve production goals and alleviate the degradation of natural 
resources. We established kentucky bluegrass (KB) (Poa pratensis L.) or creeping red fescue 
(CF) (Festuca rubra L.) as PGC concurrently with either three unique maize hybrids or 
soybean, and field studies were conducted with the objective of (i) establishing PGC under 
either maize or soybean, and (ii) assessing the impact of establishing PGC on developmental 
morphology and yield of the annual grain crop. Subsequent field studies were conducted in 
the early post-establishment production years with the objectives of (i) assessing the impact 
of established PGC on developmental morphology and yield of the maize crop, (ii) 
evaluating persistence of established PGC, and (iii) assessing the impact of established PGC 
on the weed community. We then developed an Agricultural Production Systems sIMulator 
(APSIM) simulation to address key components for the management of this cropping system, 
namely the necessary perennial groundcover dormancy period and level of suppression so as 
to support the grain and biomass yield of the annual maize crop. During the establishment 
year, maize and soybean yield in the no PGC control were 27-84% greater than the PGC 
treatments. However, maize grain yield and ethanol yield were similar at one location. In the 
post-establishment years, maize grain yield for the no PGC treatments was 23-73% greater 
than the PGC treatments. Ethanol yield was 12-119% greater, protein concentration was 9% 
greater, and starch concentration was 1% lower in the no PGC treatment maize than in PGC 
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treatment maize. Maize hybrid by cover interaction was significant, with inconsistent maize 
hybrid responses to the PGC system. These results indicate that further research is needed to 
identify compatible grass and grain crop varieties, and effective management techniques to 
achieve natural resources benefits in row crop production while supporting the annual grain 
crop yield.
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CHAPTER 1.    GENERAL INTRODUCTION 
Background 
Natural resources degradation will ultimately compromise long-term agricultural 
productivity (Foley et al., 2005). Much of the land in intense maize production in the United 
States is highly erodible (Wilhelm et al., 2004). While 40% of all cropland (68 million ha) in 
the United States exceeded the soil loss tolerance rate in 1982 (USDA, 2009a), 28% of all 
cropland (40 million ha) still exceeded this rate in 2007 (USDA, 2009b). The primary factors 
which influence cropping sequence selection include marketing opportunities, established 
federal subsidization, and land tenancy restrictions (Wright and Lenssen, 2013). Annual grain 
crop production dominates the resultant agricultural landscape, occupying approximately 
70% of croplands (Glover et al., 2010). More cropland is specifically dedicated to maize (Zea 
mays L.) production within the United States than to any of the other principal crops 
harvested (USDA NASS, 2012). On a global scale, maize and only four other cereal crops 
are concentrated on two-thirds of the world’s cropland (Leff et al., 2004). Perennial crops, 
including perennial orchards, grasses, and plantations, by contrast only comprise 13% of 
harvested global cropland (Monfreda et al., 2008).  
In addition to cropping sequence selection, the management of cropping systems is 
influenced by federal policy directives. Initially created as part of the Energy Policy Act of 
2005, the Renewable Fuel Standard (RFS) mandate was expanded through the Energy 
Independence and Security Act of 2007 (Schnepf, 2013). The promulgated rules of the RFS 
require the production of 136 billion liters of renewable fuel annually by 2022, of which 
cellulosic biofuels would comprise 61 billion liters (USDOE, 2011). Maize stover, defined as 
the stalk, leaves, cobs, and husks remaining after grain harvest (Wilhelm et al., 2004), may 
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itself be harvested for a variety of uses, including as a feedstock for cellulosic ethanol 
production or for use in livestock operations. With the inclusion of maize stover from eligible 
lands as a feedstock for cellulosic biofuels production (Schnepf, 2013), the RFS enhances 
economic incentives for the removal of maize stover from maize-based cropping systems. 
Crop residues alone may be able to facilitate growth of the cellulosic biofuels sector given 
the expected feedstock demand (DiPardo, 2000). While other types of cellulosic feedstocks 
exist, maize stover specifically presents the largest source of lignocellulosic biomass in the 
United States for the emerging cellulosic ethanol industry (Jeschke and Heggenstaller, 2012), 
and may constitute as much as 30% of cellulosic feedstock by 2020 (Flynn et al., 2013). 
Chemical processing of crop residues can also increase digestibility and energy availability 
by 35 to 62% by decomposition of lignocellulosic bonds (Shreck et al., 2011), thus 
enhancing the incentives to use maize stover as a livestock feed when grain prices escalate 
(Meteer, 2014). 
In maize-based cropping systems, the retention of maize stover recycles plant 
nutrients back to the soil (Blanco-Canqui and Lal, 2009). Soil organic carbon is positively 
impacted by enhanced crop residue retention in cropping systems (Follett, 2001). Crop 
residue, and specifically maize stover in maize-based cropping systems, adds organic carbon 
back to soils (Wilhelm et al., 2007). Soil organic carbon impacts critical soil parameters, 
including soil organic matter (Wilhelm et al., 2004; Johnson et al., 2006) and soil aggregation 
and stability (Tisdale and Oades, 1982). These structural features in turn affect water 
infiltration, movement, and storage (Franzluebbers, 2001).  
Climate, weather, and tillage practices influence the manner in which maize stover 
removal impacts maize grain yield (Wilhelm et al., 2004). While maize stover removal may 
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enhance maize grain yield in the short-term, the reduction of soil organic matter will 
negatively impact maize grain yield in the long-term (Rogovska et al., 2015). Removing 
maize stover therefore has negative ramifications for both soil fertility and long-term 
productivity (Blanco-Canqui and Lal, 2009). Maize stover also shields topsoil from raindrop 
impact (Wilhelm et al., 2004), which can exacerbate soil erosion through the dislodging of 
exposed soil particles (Pimentel et al., 1995). Soil erosion occurs at a rate several orders of 
magnitude above regeneration (Montgomery, 2007), underscoring urgency in remedying soil 
depletion before agricultural productivity declines on a large scale.  
While erosion is affected by many factors, the extent of water run-off and soil erosion 
is directly influenced by maize stover removal levels (Lindstrom, 1986). While the amount of 
stover needed to sustain productivity and soil health has not been well quantified, the 
retention of soil organic carbon demands greater stover retention (5.25–12.50 Mg ha-1) than 
the prevention of soil erosion (Wilhelm et al., 2007). Even when a sufficient soil nutrient 
status exists, no proportion of maize stover should be removed from land which is classified 
as highly erodible (Johnson et al., 2006). Sheehan et al. (2003) estimated that only 40% of 
stover would be harvestable in continuous maize production with mulch till. Inconsistencies 
in the literature underscore the necessity of maize stover removal recommendations for the 
emerging biofuels sector (Wilhelm et al., 2004).  
Perennial Groundcover 
Natural resources degradation in conventional cropping systems highlights the need 
for the development of alternative cropping systems, which can both (1) conserve natural 
resources and (2) meet global demands for food, feed, fiber, and fuel. The closure of yield 
gaps between current realized levels of production and potential levels of production could 
facilitate meeting expected caloric demand, but requires improvement of resources and 
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nutrient management (Mueller et al., 2012). Alternative cropping systems tailored 
specifically for biofuels feedstock production must also prioritize the management of natural 
resources (Karlen et al., 2011). The integration of perennial groundcover into annual grain 
crop operations is uniquely positioned to satisfy both of these cropping system goals. 
Perennial plant species have a far more robust proportion of biomass concentrated 
belowground than do annual plant species, and the use of perennial species as cover crops in 
long-term rotations consequently enhances soil organic carbon (Reicosky and Forcella, 
1998). Perennial groundcovers contribute to carbon sequestration, as increased land cover 
enhances soil carbon (Follett, 2001). Perennial systems therefore improve soil structure over 
annual cropping systems (Perfect et al., 1990), which also enhances water infiltration rates 
(Bharati et al., 2002). The integration of cover crops into a maize-based cropping system can 
also facilitate enhanced maize stover removal (Kim and Dale, 2005). 
Annual cover crops have been adopted on only 4.2 million ha in the United States, 
which constitute less than 5% of the principal cropland harvested (USDA, 2014). Within the 
Midwest specifically, less than 3% of the land designated for agriculture has adopted cover 
cropping practices (Roesch-McNally et al., 2017). Barriers to the implementation of annual 
cover crops include cost of adoption, a restricted planting window, and cover crop 
termination (Gonzalez-Ramirez et al., 2017). Complementarity between annual cover crop 
and existing operation management are key for the realization of conservation benefits (Dunn 
et al., 2016), and yet often changes to seasonal management practices are necessary for 
annual cover crop integration (Roesch-McNally et al., 2017). An important advantage of 
integrating perennial groundcover into annual grain crop operations by contrast relates to 
utilizing the existing timing of operations. Activities such as spring strip tillage and chemical 
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suppression in a perennial groundcover system may be coupled with existing management 
practices in an annual grain crop operation. Without the need to reseed every year, as in the 
case of annual cover crops which are not self-reseeding, perennial covers are associated with 
lower costs of adoption compared to annual cover crops. These advantages of both lower 
costs of adoption and management compatibility have the potential to be attractive for the 
inclusion of perennial groundcover into annual grain crop operations. 
Additional Benefits 
Perennial crops can also significantly decrease nitrate leaching (Culman et al., 2013; 
DeHaan et al., 2017). Nitrogen is an essential nutrient for life, and nitrate is both generally 
harmless in very low concentrations and required as a natural form of nitrogen. The leaching 
of nitrate from soil is problematic because excessively high levels of nitrates can contribute 
to a potentially lethal physiological disorders in humans (Self and Waskom, 2013). The 
Environmental Protection Agency has established a ceiling of 10 mg L-1 NO3 to reduce the 
risk of incidence. Ochsner et al. (2010) documented that perennial cover species were 
effective in reducing the leaching of nitrates by between 31 to 74% as compared to the 
control.  
Perennial groundcovers can also reduce weed pressure. Weed control in production 
agriculture on a national basis costs over $15 billion each year (Bridges, 1994). However, 
without herbicide control, hypothetical national crop yield losses are estimated at 52 and 50% 
for maize and soybean [Glycine max (L.) Merr.], respectively, equating to $27 billion and 
$15 billion in lost revenue for maize and soybean, respectively (Soltani et al., 2017; Soltani 
et al., 2016). Perennial groundcover is effective at reducing weed pressure in conventional 
systems, and previous reports indicate significant weed control by increasing the rye (Secale 
cereale L.) cover crop seeding rate (Nagabhushana et al., 1995; Ateh and Doll, 
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1996). Chewings fescue (Festuca rubra L. subsp. commutata Markgr.-Dann. ‘Shadow’) and 
Ladino clover (Trifolium repens L.) mulches were as effective for weed control as the 
conventional tandem disked control (Echtenkamp and Moomaw, 1989). Living mulches 
which minimize weed pressure usually themselves require management to reduce 
competition with the companion grain crop (Teasdale, 1996). While decreased weed pressure 
may lower input expenses through reduced herbicide applications, overall herbicide expenses 
would be contingent on herbicide required for perennial groundcover suppression. 
Challenges to Adoption 
Maize grain yield in the conventional system was greater than the maize grain yield in 
the perennial groundcover system for all but one site-year with kentucky bluegrass (Poa 
pratensis L.) ‘Ridgeline’, ‘Wild Horse’, ‘Oasis’, and ‘Mallard’ blend and creeping red fescue 
(Festuca rubra L.) ‘Boreal’ perennial groundcover (Bartel et al., 2017a; Bartel et al., 2017b). 
During the groundcover establishment year, existing grass stands at the time of maize 
planting increased competition with maize in one of two site-years. Previous plantings of 
forage-type ‘Park’ KB and tall fescue initially planted as perennial groundcovers were older 
cultivars (Hall, 1996), and had poor establishment after both initial spring planting because 
of summer drought and after late fall replanting because of winterkill. In the two post-
establishment site-years, paraquat [N,N′-dimethyl-4,4′-bipyridinium dichloride] (Gramoxone 
SL 2.0, Syngenta Canada Inc., Guelph, ON) application was insufficient for adequate 
groundcover suppression, and greater maize biomass and grain yield reductions were 
associated with greater perennial groundcover stand frequencies. 
A well-documented critical period for weed control exists during early season maize 
growth (Hall et al., 1992; Knezevic et al., 2002). Bartel et al. (2017a, 2017b) found that 
competition from the perennial groundcover triggered deleterious early season stressors for 
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the maize crop, either from existing groundcover stands at the time of maize planting in the 
establishment year or rapid post-suppression groundcover recovery in the post-establishment 
year. The pasture-type ‘Troy’ Kentucky bluegrass used by Wiggans et al. (2012) allowed for 
effective suppression and less competition with maize than the bluegrass commercial lawn-
type cultivar used by Bartel et al. (2017a, 2017b); Troy is one of only three pasture-type 
varieties (including ‘Park’ and ‘Ginger’) to be released in the past 65 years (Hall, 1996). 
Elkins et al., (1979) found that with chemical suppression of sod to support maize grain 
yields, a minimum of 50% cover could be maintained which also reduced soil erosion.  
Suitable Traits 
Even when perennial groundcovers, predominantly Poa and Festuca species, 
possessed traits deemed advantageous for a living mulch system, maize grain yield was still 
reduced by 23% on average (Flynn et al., 2013). These yield reductions emphasize the need 
for further research to both identify and refine suitable traits to maximize system 
compatibility of a grass species as an intercropped groundcover. 
Little research has been conducted to ascertain which traits of potential perennial 
groundcover species are best suited for the integration into row crop systems (Flynn et al., 
2013), which is critical to devise effective management practices and attain sufficient yield 
from the companion row crop. Research results thus far have identified ideal traits for a 
perennial groundcover which include summer dormancy, a compatible root structure with 
both strong rhizome development and shallow root systems, tolerance for crop canopy shade, 
receptivity to chemical or mechanical suppression, faster green up in the spring for nitrate-N 
(NO3) recycling and reduction of leaching, and low-growing so as to interfere to a lesser 
extent with crop emergence and growth (Flynn et al., 2013; Bartel et al., 2017b). Perennial 
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grass resilience to climate stress was also essential for groundcover establishment and 
persistence (Bartel et al., 2017b). 
Some of the desirable characteristics of grass species as perennial groundcovers have 
historically been recognized as drawbacks in other applications. Dormancy is an adaptive 
condition, or mechanism, which entails an escape from drought stress, and whereby life 
cycles are completed prior to the onset of moisture insufficiency (Pessarakli ed., 2014). 
Dormancy has not generally been a valued characteristic in cool season grasses like C3 
kentucky bluegrass (Poa pratensis L.), because of the reduction in productivity from this 
physiological response (Bonos and Huff, 2013). Both drought tolerance and improved 
persistence, however, have been attributed to summer dormancy (Hopkins and 
Bhamidimarri, 2009), which would enhance the longevity of grass species as a perennial 
groundcover. Grass species which maintain this drought escape response will consequently 
be less competitive with the companion row crop during the growing season. Elkins et al. 
(1979) estimated that chemical suppression would be necessary for an eight week period 
prior to the onset of dormancy in cool season species. Chemical or mechanical suppression 
could therefore be coupled with summer dormancy to minimize competition during the 
critical period for weed control.  
In conjunction with summer dormancy, an adequately shallow root system is one of 
the key perennial species traits necessary to support maize production in a living mulch 
system (Flynn et al., 2013). Kura clover (Trifolium ambiguum M. Bieb.) was found to 
possess a positive attribute as a perennial groundcover as a shallow-rooted species (Ziyomo 
et al., 2013). While this same characteristic normally functions as a liability during periods of 
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moisture stress (Volaire et al., 1998), it conversely minimizes competition for moisture 
availability with the row crop within which it is integrated.  
Cool season grass species are superior for shade tolerance to warm season grasses, 
and cool season grasses are more shade tolerant in the summer and fall than the spring and 
early summer (Lin et al., 1999). While some overlap exists, this enhanced shade tolerance in 
the summer and fall roughly coincides with row crop canopy closure timeframes and 
depletion of photosynthetically active radiation (PAR) for the perennial groundcover species. 
Manipulation of perennial species specifically for use as groundcover may yield cultivars or 
species accessions which are most compatible for this specific deployment. 
Dissertation 
We established kentucky bluegrass (Poa pratensis L.) or creeping red fescue (Festuca 
rubra L.) as PGC concurrently with either three unique maize hybrids or soybean, and field 
studies were conducted with the objectives of: (i) establishing PGC under either maize or 
soybean, and (ii) assessing the impact of establishing PGC on developmental morphology 
and yield of the primary crops of economic interest. Subsequent field studies were conducted 
in the early post-establishment maize production years with the objectives of (i) assessing the 
impact of established PGC on developmental morphology and yield of the maize crop, (ii) 
evaluating persistence of established PGC, and (iii) assessing the impact of established PGC 
on the weed community. We then developed an Agricultural Production Systems sIMulator 
(APSIM) simulation to address key components for the management of this cropping system, 
namely the necessary perennial groundcover dormancy period and level of suppression so as 
to support the grain and biomass yield of the annual grain crop. These research efforts are 
accordingly structured in the following dissertation chapters. 
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Chapter 2 – Establishment of perennial groundcovers for maize-based bioenergy 
production systems. 
Chapter 3 – Living mulch for sustainable maize stover biomass harvest. 
Chapter 4 – Simulating impacts of perennial cover crops on annual grain crop growth 
and yields. 
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CHAPTER 2.    ESTABLISHMENT OF PERENNIAL GROUNDCOVERS FOR 
MAIZE-BASED BIOENERGY PRODUCTION SYSTEMS 
Modified from a paper published in Agronomy Journal 
Cynthia A. Bartel1, Chumki Banik2, Andrew W. Lenssen3, Kenneth J. Moore4, David 
A. Laird5, Sotirios V. Archontoulis6, and Kendall R. Lamkey7 
Abstract 
With increasing removal of maize (Zea mays L.) stover for cellulosic biofuels, 
livestock bedding, and feedstuffs, there exists a need to address natural resources-related 
issues such as soil erosion, nitrate leaching, and loss of organic matter content. Perennial 
groundcover (PGC) offers a potential solution for alleviating these problems associated with 
maize stover removal from conventional cropping systems. We conducted a field study to 
ascertain the costs of PGC establishment on the primary crop of economic interest and 
groundcover success under a maize or soybean (Glycine max L.) crop. To test this concept, 
we established either Kentucky bluegrass (KB) (Poa pratensis L.) or creeping red fescue 
(CF) (Festuca rubra L.) as living mulch (LM) concurrently with either maize or soybean, 
documenting impacts on crop maturity, stand density, leaf area index (LAI), normalized 
difference vegetation index (NDVI), grain yield, grain quality, yield components, and stover 
C and N. First-year maize and first- and second-year soybean in the no LM control yielded 
on average 13.00, 3.38, and 4.86 Mg ha–1, respectively, 30, 84, and 27% greater than LM 
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systems. However, yield did not significantly differ in the second site-year between the no 
LM and LM maize. Moreover, PGC treatments did not affect expected ethanol yield in the 
second year, averaging 5459 L ha–1 in Year 2 over all treatments. These results indicate that 
further research is needed to achieve both groundcover establishment and subsequent natural 
resources benefits in row crop production while minimizing impact on yield. 
Core Ideas 
Assessment of living mulch establishment in soybean and maize row crop systems; 
differences in elite soybean and maize germplasm responses to living mulch; impact of living 
mulch establishment on soybean and maize production. 
Abbreviations 
ADF, acid detergent fiber; CF, creeping red fescue; EISA, Energy Independence and 
Security Act of 2007; GDD, growing degree days; KB, Kentucky bluegrass; LAI, leaf area 
index; LM, living mulch; MM, maize following maize; NDF, neutral detergent fiber; NDVI, 
normalized difference vegetation index; NIRS, near infrared spectroscopy; PGC, perennial 
groundcover; RCBD, randomized complete block design; RFS, Renewable Fuel Standard; 
TAB, total aboveground biomass. 
Introduction 
As part of the Energy Independence and Security Act of 2007 (EISA), a revised 
Renewable Fuel Standard (RFS) mandates the use of 136 billion liters of renewable fuels by 
2022, 61 billion liters of which would be derived from cellulosic biofuels (U.S. Department 
of Energy, 2011). Crop residue, including maize stover, from eligible lands was included as a 
feedstock for cellulosic biofuels production in the EISA (Schnepf, 2013), increasing potential 
economic incentives for maize stover removal. While other types of cellulosic feedstocks 
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exist in the United States, maize stover is recognized as the largest single source of 
lignocellulosic biomass for the emerging cellulosic ethanol industry (Jeschke and 
Heggenstaller, 2012), and within the north central region as the most prominently available 
crop biomass for fuel (U.S. Department of Energy, 2011). Of the 500 million Mg dry 
biomass needed for cellulosic feedstock in 2020, as much as 30% is anticipated to come from 
maize stover (Flynn et al., 2013). 
There exist, however, natural resources-related constraints for the removal of maize 
stover in maize-based production systems. Limitations on maize stover removal are needed 
to limit erosion, return C and nutrients to soils and build soil organic matter, impacting the 
health of land and water resources external to specific operations themselves (Wilhelm et al., 
2004). Stover retention has been well quantified for soil erosion mitigation. Sheehan et al. 
(2003) estimated that only around 40% of stover within the region would be harvestable in 
continuous maize production with mulch till. However, additional stover retention is needed 
for soil organic C preservation, key for soil nutrient retention and structural integrity, and 
may function as an even greater resources-related constraint in cellulosic ethanol production 
than erosion mitigation (Wilhelm et al., 2007). 
Several characteristics of PGC, or LM, may reconcile natural resources-related 
concerns in a maize-based biofuels system by its inclusion. Adoption of cover or companion 
crops can be used to enhance soil quality (Jokela et al., 2009). Perennial groundcover 
significantly improves soil aggregation and stability over both conventional and no-till maize 
(Perfect et al., 1990), and other annual cropping systems (Chantigny et al., 1997), which in 
turn enhance both soil organic matter content and C capture (Angers and Carter, 
1996; Tisdall and Oades, 2006). Water infiltration rates are also greater in soils under PGC in 
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contrast with cultivated fields (Bharati et al., 2002). Enhanced water holding capacity and 
water infiltration rates under groundcover increase available soil water content when 
evapotranspiration exceeds rainfall (Basche et al., 2016). This is particularly relevant in 
achieving yield stability in the context of climate change and water insufficiency (Gregory et 
al., 2002). Additionally, nitrate leaching poses a potentially serious public health concern 
with methemoglobinemia (Vitousek et al., 1997). Perennial groundcovers ameliorate nitrate 
leaching potential and denitrification by increasing the time whereby roots actively uptake 
NO3–N within a cropping system (Sainju and Lenssen, 2011; Barsotti et al., 2013). Systems 
which employ perennial covers have been found to reduce the leaching of nitrate by 31 to 
74% depending on the amount of N fertilizer added to the system (Ochsner et al., 2010). 
Yields achieved from maize grown in LM, when competition from the perennial 
cover is sufficiently diminished early in the season, can be comparable to conventional row 
cropped maize (Wiggans et al., 2012). Research indicates that cover crops can be established 
without affecting maize grain yields during the groundcover establishment year. Abdin et al. 
(1997) showed that timing of interseeding during the establishment year did not impact 
maize grain yields, and maize grain yields in interseeded plots were comparable to 
chemically or hand-weeded plots excepting rapidly establishing perennial species. Scott et al. 
(1987) found that cover crops and intercrops sown when maize was 0.15 to 0.30 m in height 
did not adversely impact either grain or stover yield. Crusciol et al. (2013) observed that 
maize intercropped with palisadegrass [Brachiaria brizantha (Hochst. ex A. Rich) Stapf] 
achieved yields of 71.7 to 107% of conventional maize, depending on the relative maturity of 
the maize. Baributsa et al. (2008) reported that intercropped red clover (Trifolium 
pratense L.) or chickling vetch (Lathyrus sativus L. ‘AC Greenfix’) did not impact maize 
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grain yield across various maize plant densities. Wall et al. (1991) found that maize silage 
yields differed only slightly with red clover intercrop than as with maize alone in N fertilized 
systems. 
With respect to establishment of groundcover under a soybean crop, Ateh and Doll 
(1996) showed that yield reduction could be abated with groundcover establishment under 
soybean if weed pressure and groundcover competition were minimal. Uchino et al. 
(2016) documented that whole-plant soybean yields were generally suppressed during the 
LM establishment year after grass seed planting and subsequent groundcover harvest, prior to 
soybean planting, although the extent to which the yield was suppressed depended on 
maturity group. Crusciol et al. (2012, 2014) observed that early season soybean varieties can 
be intercropped with palisadegrass without reducing soybean grain yield. 
While there are many reports in the literature regarding the impact of annual 
groundcover in row crop systems, there are few reports involving the establishment of 
perennial grasses as LM in soybean and maize. We conducted field studies with the 
objectives of: (i) establishing LM under either maize or soybean, and (ii) assessing the 
impact of establishing LM on developmental morphology and yield of the primary crops of 
economic interest. 
Materials and Methods 
A 2 site-year study was conducted in successive years, in 2014 at the Agronomy and 
Agricultural Engineering Sorenson Research Farm (Sorenson), 11.9 km Southeast of Boone, 
IA (42°0′ N, 93°44′ W) and in 2015 at the Northern Research Farm (Northern Research 
Farm), 0.5 km South of Kanawha, IA (42°56′ N, 93°47′ W). Climate data for the Sorenson 
Research Farm were obtained from the Ames-8-WSW Iowa Environmental Mesonet station, 
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located approximately 3 km Northwest of the research site (Iowa Environmental Mesonet, 
2016). Climate data for the Northern Research Farm were obtained from the Britt Iowa 
Environmental Mesonet station, approximately 17 km North of the research site (Iowa 
Environmental Mesonet, 2016). Growing degree days (GDD) were calculated from planting 
according to the following equation: 
 
GDD = ∑[(daily maximum temp. ≤30°C + daily minimum temp. ≥10°C)/2] – 10°C [1] 
 
where 30°C comprises the maximum and 10°C the base temperature for maize 
development. 
The Sorenson maize experiment was located on Webster clay loam (0–2% slope, 
L107, fine-loamy, mixed, superactive, mesic Typic Endoaquoll), Clarion loam (2–6% slope, 
L138B, fine-loamy, mixed, superactive, mesic Typic Hapludoll), and Canisteo clay loam (0–
2% slope, fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquoll); the 
Sorenson soybean experiment was located on Webster clay loam (0–2% slope, L107, fine-
loamy, mixed, superactive, mesic Typic Endoaquoll), and Clarion loam (2–6% slope, L138B, 
fine-loamy, mixed, superactive, mesic Typic Hapludoll). Soil pH at Sorenson was 
approximately 6.0 in spring 2014 for 0- to 15-cm depths. The Northern Research Farm maize 
experiment was located on Clarion loam (2–6% slope, 138B, fine-loamy, mixed, superactive, 
mesic Typic Hapludoll); the soybean experiment was Clarion loam (2–6% slope, 138B, fine-
loamy, mixed, superactive, mesic Typic Hapludoll) and Nicollet clay loam (1–3% slope, 55, 
fine-loamy, mixed, superactive, mesic Aquic Hapludoll). Soil pH at the Northern Research 
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Farm was approximately 5.2 at the start of the site-year in spring 2015 for 0- to 15-cm 
depths. 
Experimental design consisted of a randomized complete block (RCBD) with three 
replicates. The 9.14 by 12.19 m research plots were designed to illustrate application of the 
proposed system on a commercial scale, each plot accommodating 12 maize rows with 0.76-
m inter-row spacings. The maize experiment was an incomplete factorial with nine unique 
treatments in each block, three treatments of which were replicated in each block for a total 
of 12 plots per block (Table 1). The conventional, no LM production system served as the 
control with each of three maize varieties used. The groundcover treatments each included 
one species of LM, either KB (Pennington Smart Seed Kentucky bluegrass blend including 
Ridgeline, Wild Horse, Oasis, and Mallard varieties) or CF (La Crosse Forage & Turf Seed 
LLC, La Crosse, WI), paired with each of the three maize varieties. While unique treatments 
in subsequent experimental years, the three control treatments were duplicated in the 
establishment year. To assess disparities in elite maize germplasm response to the LM 
system, three glyphosate [N-(phosphonomethyl)glycine]-resistant maize varieties were 
planted, including DKC60-67RIB Blend, 110-d relative maturity; population sensitive 
DKC61-16RIB Blend, 111-d relative maturity; and population insensitive DKC57-75RIB 
Blend, 107-d relative maturity (Monsanto, St. Louis, MO). The DKC60-67RIB Blend is well 
suited for maize following maize (MM) production with a medium-high to high 
recommended planting rate. Population sensitive DKC61-16RIB Blend is also well suited for 
conventional maize production (MM) and requires higher population to yield, generating best 
performance at medium-high to high densities. Population insensitive DKC57-75RIB Blend 
is a drought-tolerant hybrid. The soybean experiment included two LM species (KB and CF), 
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conventional tillage for seedbed preparation, and one of two glyphosate-resistant soybean 
varieties, Asgrow AG2430 (Monsanto, St. Louis, MO) or Pioneer P22T69R (Dupont Pioneer, 
Johnston, IA), in Years 1 and 2, respectively. While unique treatments in subsequent years, 
the conventional cropping system control treatment was replicated six times in the LM 
establishment year, while KB and CF treatments were each replicated thrice (Table 1) within 
the same block for a total of 12 plots per block. 
Table 1. Treatments for perennial grass establishment year for maize and soybean and maize hybrids used in the 
maize study at Sorenson and Northern Research Farm†. 
Treatment   Groundcover  Maize Hybrid  
1   None  Population sensitive  
2   None  Population sensitive  
3   None  Population insensitive  
4   None  Population insensitive  
5   None  DKC60-67RIB  
6   None  DKC60-67RIB  
7   Bluegrass  Population sensitive  
8   Bluegrass  Population insensitive  
9   Bluegrass  DKC60-67RIB  
10   Fescue  Population sensitive  
11   Fescue  Population insensitive  
12   Fescue  DKC60-67RIB  
†Treatments 1 to 6, 7 to 9, and 10 to 12 were replicates in the establishment year for soybean. Treatments 1 and 
2, 3 and 4, and 5 and 6 were replicates during the establishment year for maize. 
 
First Experimental Year, 2014 
Initial perennial grass planting in spring 2013 failed from summer drought, and grass 
was replanted in September 2013. Cool season grasses were overseeded on 6 May 2014 
given limited observed cover in late spring 2014; CF plots maintained moderate stands but 
KB plots largely sustained sparse establishments. The KB seed and CF seed were planted 
with a 2.1 m Tye 104-4204 Pasture Pleaser no-till seeder (AGCO Corporation, Duluth, GA). 
The overseeding rate for CF was 17.9 kg ha–1 while KB was seeded at 20.7 kg ha–1 to ensure 
adequate establishment. 
An application of 2,4-D [2,4-dichlorophenoxyacetic acid] (Amine 400, PBI/Gordon 
Corporation, Kansas City, MS) was completed on plots with perennial grasses at 1.0 kg a.e. 
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ha–1 on 29 May 2014 at the Sorenson site. Glyphosate (Drexel Imitator Plus, Drexel 
Chemical Company, Memphis, TN) was applied to no LM control plots at 0.62 kg a.e. ha–
1 on 29 May 2014 prior to planting. 
In both site years, broadcast applications were completed in conventional plots with a 
John Deere 790 tractor and Fimco sprayer (North Sioux City, SD) with 4.6 m boom with 
TeeJet XR 8002 flat fan tips (Spraying Systems Co., Wheaton, IL). Chemicals were applied 
in LM plots with a John Deere 790 tractor and custom four-row Red Ball hooded band 
sprayer. The four-row hooded band sprayer ensured application in a 25.4 cm width over each 
maize row, not applying chemical in 50.8 cm of each inter-row spacing so as to protect the 
LM. Both standard, full-boom width and banded applications were completed in both years 
at 206.8 Kilopascal (kpa) and 159 L ha–1 water. 
All maize was no-till planted on 30 May 2014 with a John Deere 7100 planter 
equipped with Maxemerge units (John Deere Inc., Moline, IL) at approximately 85,200 seeds 
ha–1. Fertilizer was broadcast at 89.7 kg ha–1 actual P as P2O5, 112.1 kg ha–1 actual K as K2O 
(both pre-planting) with a Befco 209 HOP Fertilizer Spreader (Befco Inc., Rocky Mount, 
NC). Actual N at 190.6 kg ha–1 as S-coated urea (43–0–0–4) was banded on LM plots and 
was broadcast on conventional control plots on 30 May 2014 with a Gandy Orbit-Air Test 
plot applicator (Gandy Company, Owatonna, MN) with a 4.6 m boom. 
Soybean was planted on 11 June 2014 at a population of 321,200 seeds ha–1 with a 
John Deere 6215 and John Deere 7100 planter. Fertilizer was broadcast at 67.3 kg ha–1 actual 
P as P2O5 and 89.7 kg ha–1 actual K as K2O (both pre-planting) with a Befco 209 HOP 
Fertilizer Spreader (Befco Inc., Rocky Mount, NC) on 30 May 2014. The same soybean 
variety was planted in all soybean plots, Asgrow brand AG2430 variety. Maize was planted 
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later than the recommended 20 April to 5 May timeframe for Iowa (Elmore and Abendroth, 
2001). The 30 May and 11 June planting dates for maize and soybean, respectively, were 
attributable to inclement weather and the above average precipitation recorded in the Ames, 
IA, area during the second quarter, in addition to soil being frozen in excess of 0.9-m depths 
during the preceding winter from chronically sub-zero temperatures. 
Glyphosate (Drexel Imitator Plus, Drexel Chemical Company, Memphis, TN) was 
applied on 25 June 2014 on all maize and soybean plots at 0.73 kg a.e. ha–1. 
Second Experimental Year, 2015 
Fertilizer was applied in the fall of 2014 using a John Deere 6125R and Gandy 4.57 
m drop spreader (Gandy Company, Owatonna, MN) at 210.8 kg ha–1 MAP (11–52–0) and 
291.5 kg ha–1 potash (0–0–60). Nitrogen was applied as S-coated urea and banded at 196.1 
kg ha–1actual N on LM plots and broadcast with a Gandy Orbit-Air Test plot applicator 
(Gandy Company, Owatonna, MN) with a 4.6 m boom on no LM control plots on 22 May 
2015. 
Field cultivation was completed prior to grass seeding, maize planting, and soybean 
planting at the Northern Research Farm on 1 and 29 Apr. 2015 with a John Deere 6125R 
tractor and Wil-Rich 2500 Field Cultivator (Wil-Rich LLC Wahpeton, ND). Cool season 
grasses at the Northern Research Farm were planted on 29 Apr. 2015 with a 2.1 m Tye 104-
4204 Pasture Pleaser no-till seeder. Kentucky bluegrass was seeded at 5.6 kg ha–1 and CF 
was seeded at 13.5 kg ha–1. The small seed box was used in accordance with the provided 
table and seed was planted no deeper than 0.6 cm. Maize was planted at a density of 82,000 
seeds ha–1 with a John Deere 7100 planter on 7 May 2015. Pioneer (Dupont Pioneer, 
Johnston, IA) P22T69R soybean was planted in all soybean plots at a density of 308,900 
seeds ha–1 with John Deere 7100 planter on 7 May 2015. Glyphosate (Roundup PowerMAX, 
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Monsanto, St. Louis, MO) was banded at 1.58 kg a.e. ha–1 on 10 June 2015 at the Northern 
Research Farm. Conventional plots were sprayed with 2.17 kg a.i. ha–1 acetochlor [2-chloro- 
N-ethoxymethyl-N-(2-ethyl6-methylphenyl)acetamide] and 1.75 kg a.i. ha–1 atrazine [2-
chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine] and related triazines (Keystone, Dow 
AgroSciences, Indianapolis, IN) for control of grasses and broadleaf weeds and 0.05 kg a.i. 
ha–1 flumetsulam [N-(2,6-difluorophenyl)-5-methyl-1,2,4-triazolo-(1,5a)-pyrimidine-2-
sulfonamide] and 0.13 kg a.e. ha–1 clopyralid [3,6-dichloro-2-pyridinecarboxylic acid] 
(Hornet, Dow AgroSciences, Indianapolis, IN) herbicide for broadleaf weed suppression on 
22 May 2015. The conventional soybean plots were sprayed with glyphosate (Abundit Extra, 
Nufarm, Inc., Burr Ridge, IL) 1.25 kg a.e. ha–1 and Quizalofop P-Ethyl [Ethyl(R)-2-[4-(6-
chloroquinoxalin-2-yloxy)- phenoxy]propionate] (Assure II, E.I. du Pont Canada Company, 
Mississauga, ON, Canada) 0.05 kg a.i. ha–1 on 30 June 2015. 
Maize stand density was measured at the V2 stage in 2014 and VC and R6 stage in 
2015, and soybean stand density was measured at V2 in 2014 and in 2015 at V2 and post-
harvest by counting remaining stems. Maize and soybean maturity were assessed initially on 
a weekly and then biweekly basis beginning at V6 in 2014 and exclusively biweekly basis 
beginning at V9 in 2015. Maize maturity was determined by the leaf collar method 
(Abendroth et al., 2011). Eight plants per plot were tagged between the V5 and V6 leaves 
from rows six and seven from which the mean plot growth stage was obtained. The husks 
were peeled back during the reproductive stages to assess kernel development and maturity. 
Soybean maturity was determined by the stage at which at least 50% of the plants per plot 
were observed (Fehr et al., 1971). Leaf area index and light interception were measured bi-
weekly using a Decagon AccuPAR (Decagon Devices Inc., Pullman, WA). In each plot, four 
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measurements were taken diagonally between 1000 and 1400 h on clear days with a 
minimum of 900 µmol m–1 s–1across the two center rows from which an average LAI per plot 
was calculated, determined by how much photosynthetically active radiation was captured by 
the crop canopy. A Crop Circle ACS-430 active crop canopy sensor (Holland Scientific Inc., 
Lincoln, NE) with GeoSCOUT X data logger (Holland Scientific Inc., Lincoln, NE) captured 
the NDVI for maize biomass in the second site-year at the Northern Research Farm. The 
Crop Circle was mounted on a hand-held mast and carried between the two center rows, held 
0.5 to 1 m above the top of the crop canopy. Approximately 90 to 115 readings were 
generated per plot, from which the mean value per plot was calculated. The NDVI values 
indicate, in a non-invasive manner, biomass and vegetation index data (photosynthetic 
capacity of the crop canopy), derived from the following equation (Gitelson et al., 1996): 
 
)/()( VISNIRVISNIR RRRRNDVI +−=         [2] 
 
where RNIR is the near-infrared reflectance (780 nm) and RVIS is the visible 
reflectance (670 nm). 
A 5 by 5 frequency grid (15 by 15 cm per square) was used at the completion of the 
growing season, post-harvest to assess groundcover establishment under both maize and 
soybean with 100 cells counted per plot (Vogel and Masters, 2001). The number of squares 
with grass presence was counted out of total squares possible to generate the percent 
presence of cover, yielding both frequency of establishment and estimating plants m–2 after 
multiplying frequency by the designated factor of 0.4. 
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The four center rows were harvested for yield data in both experiments with a four-
row head attached to a John Deere 9410 combine at the Northern Research Farm and a John 
Deere 9450 combine at Sorenson, excepting the soybean experiment at Sorenson in 2014 
with the two center rows harvested with an ALMACO SPC 20 combine (ALMACO, Nevada, 
IA). Maize was machine harvested on 13 Nov. 2014 and soybean on 7 Nov. 2014 at 
Sorenson. Maize was harvested on 19 Oct. 2015 and soybean on 6 Oct. 2015 at the Northern 
Research Farm. Combines were outfitted with HarvestMaster systems (Juniper Systems, Inc., 
Logan, UT) for moisture, weight, and yield. A 152-cm row of maize (equivalent to 1.15 area 
m2) was hand harvested from the first row N of the four combined center rows on 21 Nov. 
2014. Plant number, ear number, fresh weight of stover (husks, stalks, and leaves), and fresh 
weight of ears were recorded for the 152 cm. Stover from a random two-plant sample and all 
harvested ears were retained and dried at 70°C until a constant weight was achieved. A 1.32-
m row of maize (equivalent to 1.0 area m2) was hand harvested at the Northern Research 
Farm from the first row N of the four center rows at physiological maturity (R6) on 28 Sept. 
2015 (data not presented) and also at final harvest on 19 Oct. 2015. Plant number and ear 
number from the 1.32-m row, as well as fresh weight of stover (husks, stalks, and leaves), 
and fresh weight of ears was recorded for a random six-plant subsample from each plot. 
Stover and harvested ears from the six-plant subsample were separated, retained, and dried at 
70°C until a constant weight was achieved as described by Dobermann (2005). The number 
of kernel rows ear–1 was obtained in 2015 from each ear of the six randomly selected plants 
at both harvest dates. In both years, the grain was separated from the cobs at all harvest dates 
and cobs were added back to dried stover for total stover weight (husks, stalks, leaves, and 
cobs) as defined by Wilhelm et al. (2004). Grain moisture was analyzed using a grain 
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moisture analyzer (Model GAC 2000, DICKEY-john, Auburn, IL). The dried stover samples 
were representatively subsampled and ground to pass a 1-mm sieve on a Wiley Mill (Model 
4 Wiley Mill, Thomas Scientific, Swedesboro, NJ). Stover yield and harvest index (HI) were 
calculated from the dried weights obtained for each treatment. HI is defined as: 
 
HI = grain dry weight/total aboveground biomass dry weight    [3] 
 
Soybean yield components were derived from 1-m row (equivalent to 0.763 area m2) 
harvested at the R6 stage, prior to leaf senescence and subsequent leaf drop, on 19 Sept. 2014 
at Sorenson and on 27 Aug. 2015 at the Northern Research Farm to estimate total 
aboveground biomass (TAB) m–2, pod number m–2, seed number m–2, and seeds per pod. The 
1-m row biomass from each plot was retained and dried at 70°C until a constant weight was 
achieved. Pods were separated from the aboveground plant biomass and counted. Seeds were 
separated from pods and counted. Oven-dry biomass weight was obtained, and dry matter 
seed weight (0% moisture) was divided by TAB weight to determine harvest index, as 
depicted in Eq. [3]. Shelled pods were added back to vegetative biomass before grinding. The 
vegetative biomass was ground to pass a 1-mm sieve with a Wiley Mill. 
Grain quality was evaluated with a Foss Infratec-1229 Whole Grain Analyzer (Foss 
North America, Eden Prairie, MN) with transmittance near infrared spectroscopy (NIRS) for 
2014 grain (both maize and soybean) and 2015 maize. Soybean harvested in 2015 was 
evaluated with an Infratec-1225 Whole Grain Analyzer (Foss North America, Eden Prairie, 
MN). Iowa State University calibration model CN201301 for maize was used in both years. 
Soybean model SB201302 was used in 2015 and model SB201301 was used in 2014. Both 
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soybean models are identical with SB01302 setup with cuvette and reduced sample size. 
Parameters evaluated for maize included crude protein, oil, and starch on a dry matter basis, 
and both ethanol yield and density on a 15% moisture basis. Parameters evaluated for 
soybean included crude protein, oil, fiber, and carbohydrates on a 13% moisture basis. 
Final harvest maize stover was analyzed using sequential fiber analysis for neutral 
detergent fiber (NDF), acid detergent fiber (ADF), hemicellulose, cellulose, lignin, and ash 
(Van Soest et al., 1991). Final harvest maize stover in 2014, both R6 (data not presented) and 
final harvest maize stover in 2015, and R6 soybean biomass in both years were analyzed for 
C and N concentration using a vario Micro Cube Analyzer (Elementar Americas, Mt. Laurel, 
NJ). 
Statistical Analysis 
Data were analyzed with the PROC MIXED procedure in SAS version 9.4 (SAS 
Institute, 2011) with evaluated parameters assessed for statistically significant differences at 
α = 0.05. Since the experiments were incomplete factorials, factors were included within 
fixed, whole treatments and block was considered as random. Estimates and differences of 
least square means allowed for comparisons of treatments. Each year was analyzed 
independently for maize and soybean because of timing of grass establishment; grasses were 
seeded both prior to crop establishment and concurrently in 2014 and concurrently with crop 
establishment in 2015. Years were consequently analyzed as separate because of the 
variability observed between years. Data were not included in the analysis in 2015 at the 
Northern Research Farm from maize treatments 3 and 12 in block three due to a planting 
error in that same year. The maize experiment in 2015 was therefore analyzed with two 
replications for treatments 3 and 12, obtained from blocks one and two, and three replications 
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for all other treatments. A weighted standard error is thus included in the results summary 
tables for 2015 for all variables. 
Results and Discussion 
Weather Conditions 
The Ames-8-WSW and Britt Mesonet stations logged 2664 GDD during the growing 
season from planting to harvest (30 May–13 November) and 2607 GDD during the growing 
season from planting to harvest (7 May–19 October) for thermal unit accumulation in 2014 
and 2015, respectively (base temperature of 10°C as Tmin and a maximum temperature of 
30°C as Tmax) (Fig. 1). In 2014 and 2015, 680 and 588 mm of precipitation were accumulated 
during the growing season at each site, respectively. Annual 2014 totals at Sorenson included 
3315 GDD and 1027 mm precipitation; annual 2015 totals at Britt included 3025 GDD and 
996 mm precipitation. Rainfall from April to November exceeded the 30-yr average by 163 
mm in 2014 at Sorenson and 135 mm in 2015 at Britt (Fig. 1). The average monthly high and 
low air temperatures did not depart substantially in either year from the trailing 30-yr 
averages at either site during the growing season. 
 
 
Figure 1. (A) Monthly growing degree days (GDD) and departure from the 30-yr trailing average in 2014 in 
Ames, 3 km from the Sorenson Research Farm at NWS COOP site Ames-8-WSW and in 2015 in Britt, 17 km 
from the Northern Research Farm at NWS COOP site Britt; and (B) monthly precipitation and departures from 
the 30-yr trailing average in 2014 in Ames, 3 km from the Sorenson Research Farm at NWS COOP site Ames-
8-WSW and in 2015 in Britt, 17 km from the Northern Research Farm at NWS COOP site Britt. 
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Figure 1. continued 
 
Figure 1. (A) Monthly growing degree days (GDD) and departure from the 30-yr trailing average in 2014 in 
Ames, 3 km from the Sorenson Research Farm at NWS COOP site Ames-8-WSW and in 2015 in Britt, 17 km 
from the Northern Research Farm at NWS COOP site Britt; and (B) monthly precipitation and departures from 
the 30-yr trailing average in 2014 in Ames, 3 km from the Sorenson Research Farm at NWS COOP site Ames-
8-WSW and in 2015 in Britt, 17 km from the Northern Research Farm at NWS COOP site Britt. 
 
Establishment of Perennial Grasses in Soybean 
Soybean grass establishment 
Statistically significant differences were obtained in 2014 (P < 0.001) between CF 
and KB for both establishment frequency (stand percentage) and density. The CF averaged 
96.2% and 38.5 plants m–2 while KB averaged 41.6% and 16.6 plants m–2 for frequency and 
density, respectively. Statistically significant differences were also obtained in 2015 (P < 
0.01) between CF and KB for both frequency and density for grass establishment. The KB 
averaged 59.3% and 23.7 plants m–2 while CF averaged 40.4% and 16.2 plants m–2 for 
frequency and density, respectively. 
Soybean maturity and plant density 
No differences were observed in soybean maturity between the no LM control and either 
grass cover treatment at the Northern Research Farm in 2015. Differences in 2014 were 
observed consistently throughout the growing season between the no LM control and grass 
treatment soybean maturity (data not presented). The CF and KB soybean were slower to 
mature throughout the vegetative stages compared to the no LM control, with less delay in 
the KB soybean than the CF. While no differences were noted in the onset of the first 
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reproductive stage (R1), subsequent stages were delayed in LM soybean. Given the high CF 
frequency and density, enhanced competition from the CF groundcover likely delayed 
maturation. 
Soybean plant density was significantly different in 2014 between the no LM control 
and CF (P < 0.05), but did not differ between the control and KB. Averages were 261,100 
plants ha–1 for the no LM control soybean, 253,550 plants ha–1 for the KB treatment, and 
248,060 plants ha–1 for the CF treatment. Early season vegetative stand density was similar in 
2015, averaging 255,680 plants ha–1 for the no LM control soybean, 260,550 plants ha–q for 
the KB treatment, and 256,290 plants ha–1 for the CF treatment. Plant populations at the end 
of the season were also similar, averaging 257,740 plants ha–1 for the no LM control soybean, 
247,230 plants ha–2 for the KB treatment, and 254,100 plants ha–1 for the CF treatment. 
Soybean total aboveground biomass, grain yield, yield components, and harvest 
index 
Total aboveground biomass was impacted for soybean in 2014 between the no LM 
control and LM, as well as CF and KB (Table 2). No LM control had the greatest TAB while 
CF had the lowest TAB. In 2015, TAB was greater in the no LM control than the LM 
soybean (Table 2). Soybean TAB was similar between CF and KB. The differences in 2014 
between KB soybean TAB and CF soybean TAB, compared to the similarity in this same 
comparison in 2015, were likely attributable to the enhanced establishment of CF over KB as 
observed from frequency grid results at the conclusion of the growing season and the 
observed disparity in existing stands at the time of planting, with greater CF than KB stands. 
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Table 2. Treatment means and significance for soybean measurements including grain yield (GY), total aboveground biomass (TAB), harvest index (HI), pod 
count (PC), seed count (SC), seeds per pod (SP), seed mass (SM), stover C, stover N, and C/N at Sorenson and Northern Research Farm in 2014 and 2015, 
respectively. Grain yield was obtained from combine harvest and expressed at 130 g kg–1 moisture content. TAB, C and N are expressed on an oven-dry basis. 
Treatment† GY TAB HI PC SC SP SM Stover C Stover N C/N 
 _____ Mg ha-1 _____  # m-2 # m-2 # pod-1 mg seed-1 _________ g kg-1 _________  
2014 
1 3.49 8.87 0.29 1,186 2,576 2.17 98.6 467 25 19.0 
2 3.53 8.21 0.30 1,053 2,337 2.22 103.8 460 24 19.5 
3 3.22 6.80 0.31 1,022 2,236 2.21 93.0 467 26 18.0 
4 3.39 7.77 0.30 1,076 2,260 2.10 103.6 465 24 19.8 
5 3.13 7.98 0.32 1,143 2,429 2.12 103.6 463 23 20.0 
6 3.52 7.98 0.29 1,037 2,256 2.17 104.4 464 25 18.8 
7 2.24 5.54 0.27 755 1,564 2.07 94.5 470 27 17.4 
8 2.25 4.45 0.28 637 1,330 2.09 92.0 468 28 16.8 
9 2.02 4.92 0.25 648 1,319 2.03 92.1 470 29 16.5 
10 1.64 3.04 0.30 509 1,013 1.97 88.9 467 29 16.2 
11 1.19 4.67 0.28 489 1,011 1.89 90.6 467 28 16.6 
12 1.69 2.95 0.25 407 813 1.99 89.5 469 27 17.3 
SE 0.28 0.63‡ 0.01‡ 101.0 222.6 0.09 3.79 2.70 1.17 0.78 
  Significant (P > F) 
Control vs. LM ***§ *** ** *** *** ** *** * *** *** 
Control vs. KB *** *** ** *** *** NS ** * *** *** 
Control vs. CF *** *** * *** *** ** *** NS *** *** 
CF vs. KB ** * NS * * NS NS NS NS NS 
2015 
1 4.75 6.99 0.30 1,103 2,453 2.92 86.3 465 24 19.8 
2 4.99 9.34 0.25 1,213 2,577 2.79 90.4 472 20 23.4 
3 4.83 8.98 0.30 1,249 2,903 3.05 91.8 467 21 22.0 
4 4.87 9.44 0.28 1,287 2,968 3.02 88.8 466 20 23.3 
5 4.82 8.51 0.29 1,153 2,683 3.05 91.2 468 19 24.6 
6 4.90 9.19 0.30 1,191 2,950 3.26 94.8 469 21 22.9 
7 4.02 7.56 0.30 1,046 2,448 3.06 93.4 465 18 25.7 
8 4.15 7.96 0.27 1,097 2,529 3.02 86.2 465 21 24.0 
9 3.25 6.68 0.30 931 2,280 3.18 89.3 471 19 25.1 
10 2.93 6.32 0.29 894 2,056 3.01 90.8 493 17 29.5 
11 3.84 7.83 0.32 1,082 2,572 3.12 96.2 468 17 27.4 
12 4.52 9.13 0.30 1,235 2,902 3.08 93.0 462 18 25.9 
SE 0.27 0.65 0.02 83.1 218.1 0.11 4.22 8.0 1.81 2.14 
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Table 2. continued 
Treatment† GY TAB HI PC SC SP SM Stover C Stover N C/N 
 _____ Mg ha-1 _____  # m-2 # m-2 # pod-1 mg seed-1 _________ g kg-1 _________  
 Significant (P > F) 
Control vs. LM *** ** NS ** * NS NS NS * ** 
Control vs. KB *** ** NS ** * NS NS NS NS NS 
Control vs. CF *** * NS * NS NS NS NS * ** 
CF vs. KB NS NS NS NS NS NS NS NS NS NS 
*Significant at P < 0.05. 
**Significant at P < 0.01. 
***Significant at P < 0.001. 
†Treatments 1 to 6 are no living mulch (LM), conventional soybean; treatments 7 to 9 are soybean with Kentucky bluegrass (KB); treatments 10 to 12 are 
soybean with creeping red fescue (CF). 
‡Indicates weighted SE. 
§ns = not significant.  
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Soybean grain yield was influenced by cover treatment in both years of the study 
(Table 2). Grain yield in 2014 was significantly different between the no LM control and LM 
soybean, averaging 3.38 Mg ha–1 for no LM control, 2.17 Mg ha-1 for KB, and 1.50 Mg ha–1 
for CF; soybean averages for Boone county, Iowa, were 3.38 Mg ha-1 in 2014 (USDA-NASS, 
2016). In 2015, grain yield differed between no LM control and LM soybean, averaging 4.86 
Mg ha-1 for no LM control, 3.81 Mg ha-1 for KB, and 3.76 Mg ha-1 for CF; soybean averages 
for Hancock county, Iowa, were 4.01 Mg ha-1 in 2015 (USDA-NASS, 2016). Yield 
differences were also observed between KB and CF in 2014. Suppression of soybean yield in 
LM systems compared to conventional systems is consistent with previous findings (Ateh 
and Doll, 1996; Liebl et al., 1992; Uchino et al., 2016).  
Yield components differed more substantially in 2014 than in 2015 (Table 2). In 
2014, pod number (pods m–2) and seed number (seeds m–2) were statistically significantly 
different between the no LM control and LM, and between CF and KB, with lowest averages 
for the CF. Seeds per pod and seed mass were lower in the LM than the no LM control. In 
2015, pods m–2 and seeds m–2 were the only significantly different yield components, both 
lower in the LM treatments. Mehmet (2008) found a positive correlation between N 
fertilization in a soybean system and pod number plant–1, 100 seed weight (g), and seed yield 
(kg ha–1), underscoring the impact of available N on soybean yield components and potential 
impact of enhanced cover in 2014. In 2014, HI was significantly different between the no 
LM control and LM. The HI values of the no LM control, KB, and CF soybean were 0.30, 
0.26, and 0.27, respectively. No significant differences were observed with HI between the 
treatments in 2015, and HI averaged 0.29 across all treatments (Table 2). 
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Soybean grain quality and stover carbon/nitrogen 
Crude protein, oil, and carbohydrates in 2014 were significantly different between 
LM and no LM soybean, while KB and CF treatments were similar (Table 3). Mean oil and 
carbohydrate concentrations were greater for the no LM control than the LM, opposite of 
crude protein mean values. Crude protein, fiber, and carbohydrates in 2015 were significantly 
different between control and LM soybean, while KB and CF treatments were similar (Table 
3). Fiber and carbohydrate averages were greater, while protein levels were lower, for LM 
soybean than the no LM control. The divergent responses to LM treatments between site-
years may have resulted from differences in elite soybean germplasm response to LM cover. 
As with LM soybean in 2014, Rotundo et al. (2009) observed that depodding of low protein 
lines resulted in higher seed protein concentration, attributable to enhanced assimilate 
availability per seed. Where reductions in assimilate supply decreased C fixation under water 
stress, impeding both seed oil and carbohydrate accumulation, N remobilization contributed 
to enhanced seed protein concentration (Rotundo and Westgate, 2009). In 2015, where yield 
components of seed mass and seeds per pod did not differ between treatments, N limitations 
likely restricted protein concentration in LM soybean. 
Table 3. Treatment means and significance for soybean measurements including grain protein, grain oil, grain 
fiber, and grain carbohydrates at Sorenson and Northern Research Farm in 2014 and 2015, respectively. Grain 
protein, grain oil, grain fiber and grain carbohydrates are expressed at 130 g kg-1 moisture content. 
Treatment†  Protein Oil Fiber Carbohydrates 
 _________________________ g kg-1 _________________________ 
2014 
1 363 180 48 229 
2 367 180 47 225 
3 363 181 48 229 
4 359 183 48 230 
5 363 182 48 228 
6 364 180 48 228 
7 367 179 47 226 
8 369 179 48 224 
9 370 174 48 229 
10 368 179 47 226 
11 370 178 47 224 
12 364 180 48 228 
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Table 3. continued. 
Treatment†  Protein Oil Fiber Carbohydrates 
 _________________________ g kg-1 _________________________ 
SE 1.92 1.26 0.27 1.30 
 Significant (P > F) 
Control vs. LM ***‡ ** NS ** 
Control vs. KB *** ** NS * 
Control vs. CF ** NS NS * 
CF vs. KB NS NS NS NS 
  2015   
1 340 209 47 224 
2 337 210 48 226 
3 337 212 47 224 
4 336 211 47 226 
5 333 213 48 227 
6 338 211 47 224 
7 328 213 48 232 
8 331 211 48 230 
9 340 216 47 227 
10 336 207 48 230 
11 331 210 48 231 
12 330 211 48 231 
SE 2.48 1.86 0.25 1.23 
 Significant (P > F) 
Control vs. LM ** NS *** *** 
Control vs. KB * NS ** *** 
Control vs. CF * NS ** *** 
CF vs. KB NS NS NS NS 
*Significant at P < 0.05. 
*Significant at P < 0.05. 
**Significant at P < 0.01. 
***Significant at P < 0.001. 
†Treatments 1 to 6 are no living mulch (LM), conventional soybean; treatments 7 to 9 are soybean with 
Kentucky bluegrass (KB); treatments 10 to 12 are soybean with creeping red fescue (CF). 
‡ns = not significant. 
 
Stover C and N concentrations (g kg–1) were both significantly different in 2014 
among the treatments, greater for LM soybean. In 2015 the concentration of stover C was 
similar between the no LM control and LM; stover N concentration was significantly 
different between the no LM control and CF, greater for the no LM control. The ratio of C/N 
was significantly different between the no LM and LM soybean in both years but similar 
between CF and KB (Table 2). While the C/N value was lower in the LM soybean (16.8) in 
2014 compared to the no LM control (19.2), it was greater in 2015 for the CF (27.6) 
compared to the no LM control (22.7). Stover N accumulation and stover C accumulation (kg 
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ha–1) in both years were lower in the LM soybean than the control (P < 0.01) (data not 
presented). Mastrodomenico and Purcell (2012) observed that N fixation continued to late 
seedfill and accounted for the vast majority of soybean seed N. Given fewer seeds per pod, 
seeds m–2, and pods m–2 in 2014 LM soybean, the N and C which was fixed and not 
incorporated during seedfill likely accumulated in the stover, resulting in enhanced N and C 
concentration in the LM stover biomass. These findings are consistent with previous 
research, where increases in soybean stover N concentration resulted from decreased sink 
capacity with depodding (Kollman et al., 1974; Schobeck et al., 1986). The enhanced stover 
N concentration in 2014 likely contributed to lower C/N values for LM soybean in that same 
year compared to 2015. In the second site-year, neither seed mass nor seeds per pod differed 
between the LM and control, resulting in both lower seed protein and stover N concentration 
in LM soybean compared to the control. This lower N concentration in soybean stover in 
2015 likely contributed to larger C/N values for LM soybean in that same year compared to 
2014. 
Establishment of Perennial Grasses in Maize 
Maize grass establishment 
In 2014 at Sorenson Research Farm, CF and KB establishment were significantly 
different for both frequency and density (P < 0.001). The KB frequency mean was 59.9% 
while CF frequency averaged 95.7%; KB and CF densities at the conclusion of the growing 
season were 24.0 and 38.3 plants m–2, respectively. In 2015 at the Northern Research Site, 
statistically significant differences were observed between CF and KB establishment for both 
frequency and estimated density (P < 0.001), averaging 57.8% frequency and 23.1 plants m–2 
for KB and 32.2% frequency and 12.9 plants m–2 for CF. 
39 
 
Maize maturity and plant density 
Maturity was significantly different with respect to treatment in 2014 throughout the 
growing season, with delay in both vegetative and reproductive stages in the LM plots, and 
specifically the CF treatment maize. The enhanced CF stand most likely contributed to the 
delay within the CF maize compared to the KB maize. In 2015, very few differences in maize 
maturity were observed (data not presented). 
Stand densities in 2014 were similar at the V2 stage, averaging 81,580 plants ha–
1 across all treatments. In 2015, the no LM control and LM differed (P < 0.001) in early 
vegetative stand counts, with an average of 74,140 plants ha–1 for the no LM control and 
80,600 plants ha–1for LM. Stand counts performed at physiological R6 maturity differed 
between the no LM control and LM (P < 0.01), averaging 74,610 plants ha–1 for the no LM 
control and 78,320 plants ha–1 for LM. 
Maize leaf area index and normalized difference vegetation index 
Control and LM maize LAI (Fig. 2) were significantly different for all but one 2014 
collection date. After the third collection date at V10, the control and LM diverged for the 
remainder of the season with control averages greater than LM maize. The CF and KB plot 
LAI differed at the last two collection dates (P < 0.05), higher for the KB, as well as for the 
LM population insensitive and LM population sensitive hybrids at the final collection date 
(P < 0.01), greater for the sensitive hybrid. The lower LAI likely depressed 
photosynthetically active radiation capture and impacted kernel development in the LM 
maize; Eik and Hanway (1966) documented the dependent nature and linear relationship of 
grain yield on LAI at the time of silking (R1) and grain fill. The LAI values were similar at 
the Northern Research Farm collection site in 2015 between the LM maize and control. 
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The NDVI values were similar in 2015 (Fig. 3) for the bulk of the collection dates for 
the LM and control comparison, but differed between the no LM control and LM treatments 
at the first collection. The population insensitive and sensitive hybrids in LM were 
significantly different in NDVI at the R3 stage (P < 0.01), averaging 0.76 for the population 
sensitive hybrid and 0.74 for the population insensitive hybrid. 
Figure 2. Leaf area index (LAI) values obtained at (A) Sorenson site in 2014; and (B) Northern Research Farm in 2015 as a 
function of treatment. Asterisks indicate significance between the no LM control and LM. Note: Treatments 1 to 6 are no 
LM, conventional row cropped maize: treatments 1and 2 are population sensitive, treatments 3and 4 are population 
insensitive, treatments 5 and 6 are DKC60-67RI; treatment 7 to 9 are maize grown with KB cover: treatment 7 is population 
sensitive, treatment 8 is population insensitive, treatment 9 is DKC60-67RIB; treatments 10 to 12 are maize grown with CF 
cover, treatment 10 is population sensitive, treatment 11 is population insensitive, treatment 12 is DKC60-67RIB. 
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Figure 3. Normalized difference vegetation index (NDVI) values obtained at the Northern Research Farm for 
maize in 2015 as a function of treatment. Asterisks indicate significance between the no LM control and LM. 
Note: Treatments 1 to 6 are no LM, conventional row cropped maize: treatments 1and 2 are population 
sensitive, treatments 3and 4 are population insensitive, treatments 5 and 6 are DKC60-67RI; treatment 7 to 9 are 
maize grown with KB cover: treatment 7 is population sensitive, treatment 8 is population insensitive, treatment 
9 is DKC60-67RIB; treatments 10 to 12 are maize grown with CF cover, treatment 10 is population sensitive, 
treatment 11 is population insensitive, treatment 12 is DKC60-67RIB. 
 
Maize total aboveground biomass, stover yield, grain yield, yield components, 
and harvest index 
Total aboveground biomass in both years was significant between the no LM control 
and LM, greater for the control in 2014 and for LM maize in 2015 (Table 4). Stover yield 
was similar between treatments in 2014, averaging 9.11 Mg ha–1 across all treatments. In 
2015, stover yield was significantly different between no LM control and LM, averaging 8.81 
Mg ha–1 for no LM control, 10.35 Mg ha–1 for KB, and 9.86 Mg ha–1 for CF. In neither year 
was maize stover quantity negatively impacted by the presence of LM. 
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Table 4. Treatment means and significance for maize measurements including grain yield, total aboveground biomass (TAB), stover yield, harvest index (HI), 
stover C, stover N, C/N, rows per ear (RE), grain protein, grain oil, grain starch, and grain density, and ethanol yield at Sorenson and Northern Research Farm in 
2014 and 2015, respectively. Grain yield (GY) was obtained from combine harvest and is expressed at 155 g kg–1 moisture content. Total aboveground biomass, 
stover yield, HI, stover C, stover N, grain protein, grain oil, and grain starch are expressed on an oven-dry basis. Grain density and ethanol yield (EY) are 
expressed at 150 g kg–1 moisture content. 
Treatment† GY TAB Stover  HI Stover C Stover N C:N RE Protein Oil Starch Density EY EY 
 __________ Mg ha-1 __________  _________ g kg-1 _________  # ear-1 _____________ g kg-1 _____________ g cc-1 l kg-1 l ha-1 
2014 
1 13.36 21.14 9.62 0.55 462 7.7 60.7 - 80 41 725 1.20 0.42 5,552 
2 12.43 18.78 8.37 0.55 456 8.6 54.9 - 80 42 724 1.19 0.42 5,151 
3 12.38 20.62 9.83 0.52 458 8.8 52.4 - 75 44 728 1.22 0.42 5,187 
4 12.39 20.24 10.29 0.50 455 8.8 52.0 - 74 44 728 1.22 0.42 5,202 
5 14.04 19.70 9.56 0.51 455 8.7 55.0 - 88 42 720 1.23 0.41 5,756 
6 13.42 19.23 8.61 0.55 456 7.7 60.0 - 84 42 724 1.23 0.42 5,551 
7 10.67 16.84 7.72 0.54 453 8.4 56.1 - 75 41 729 1.20 0.42 4,475 
8 10.29 16.50 8.25 0.51 458 10.6 43.5 - 73 43 729 1.22 0.42 4,334 
9 11.26 20.47 9.81 0.52 454 8.6 53.1 - 83 42 724 1.22 0.42 4,659 
10 9.71 18.17 8.55 0.53 456 9.3 50.1 - 77 42 726 1.19 0.42 4,048 
11 8.41 17.44 9.02 0.48 459 8.8 54.2 - 72 44 730 1.22 0.42 3,551 
12 9.77 20.07 9.67 0.52 457 9.1 52.2 - 83 42 724 1.24 0.42 4,058 
SE 0.65 1.53 1.01 0.02 4.58 0.88 5.83 - 2.43 1.00 1.48 0.01 0.002 270.0 
  Significant (P > F) 
Control vs. LM ***‡ * NS NS NS * NS - * NS * NS * *** 
Control vs. KB *** * NS NS NS NS NS - NS NS * NS NS *** 
Control vs. CF *** NS NS NS NS NS NS - NS NS NS NS NS *** 
CF vs. KB * NS NS NS NS NS NS - NS NS NS NS NS ** 
LM insensitive 
vs. LM sensitive 
NS NS NS NS NS NS NS - NS * NS *** NS NS 
          
2015 
1 14.30 21.05 9.48 0.55 471 5.6 89.4 15.9 82 40 741 1.23 0.42 5,951 
2 13.77 22.61 9.96 0.56 470 5.0 93.3 16.2 81 40 742 1.22 0.42 5,728 
3 12.95 19.77 8.61 0.56 465 6.6 70.8 17.8 66 45 749 1.21 0.43 5,509 
4 12.78 19.32 8.05 0.58 477 5.6 89.7 17.4 71 45 745 1.22 0.42 5,388 
5 13.51 19.99 8.06 0.60 471 5.2 91.7 15.0 85 42 736 1.21 0.41 5,555 
6 12.91 19.87 8.68 0.56 473 5.8 83.8 15.6 83 43 738 1.21 0.42 5,336 
7 13.22 24.00 10.96 0.54 474 5.1 94.9 16.0 81 40 740 1.22 0.42 5,496 
8 12.72 24.46 11.07 0.55 476 7.3 65.7 16.3 77 44 742 1.22 0.42 5,302 
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Table 4. continued 
Treatment† GY TAB Stover  HI Stover C Stover N C:N RE Protein Oil Starch Density EY EY 
 __________ Mg ha-1 __________  _________ g kg-1 _________  # ear-1 _____________ g kg-1 _____________ g cc-1 l kg-1 l ha-1 
9 12.83 20.02 9.03 0.54 476 5.4 89.1 15.2 81 42 740 1.21 0.42 5,324 
10 13.06 22.48 10.17 0.55 481 5.7 89.0 16.1 86 41 739 1.24 0.42 5,401 
11 12.33 23.42 10.97 0.53 462 7.2 64.8 18.0 71 46 745 1.21 0.42 5,180 
12 12.89 20.25 8.43 0.58 480 4.6 105.3 15.5 82 41 741 1.21 0.42 5,337 
SE§ 0.61 1.23 0.76 0.03 5.26 0.62 9.43 0.48 3.77 1.15 2.90 0.01 0.003 255.3 
  Significant (P > F) 
Control vs. LM NS * ** NS NS NS NS NS NS§ NS NS NS NS NS 
Control vs. KB NS * ** NS NS NS NS NS NS NS NS NS NS NS 
Control vs. CF NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
CF vs. KB NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
LM insensitive 
vs. LM sensitive 
NS NS NS NS NS ** ** * * *** NS NS NS NS 
*Significant at P < 0.05. 
**Significant at P < 0.01. 
***Significant at P < 0.001. 
†Treatments 1 to 6 are no living mulch (LM), conventional maize: treatments 1 and 2 are population sensitive, treatments 3 and 4 are population insensitive, 
treatments 5 and 6 are DKC60-67RI; treatment 7 to 9 are maize with Kentucky bluegrass (KB): treatment 7 is population sensitive, treatment 8 is population 
insensitive, treatment 9 is DKC60-67RIB; treatments 10 to 12 are maize with creeping red fescue (CF): treatment 10 is population sensitive, treatment 11 is 
population insensitive, treatment 12 is DKC60-67RIB. 
‡ns = not significant. 
§Indicates weighted SE for all variables in 2015. 
 
44 
 
Grain yield significantly differed in 2014 between no LM control and LM and 
between CF and KB (Table 4). Grain yield averaged 13.00 Mg ha–1 across conventional 
treatments, 10.02 Mg ha–1 across perennial grass cover treatments, and 10.74 Mg ha–1 for KB 
and 9.30 Mg ha–1for CF plots. Grain yield did not differ between treatments in 2015, 
averaging 13.10 Mg ha–1across all treatments (Table 4). Average yield in Boone county, 
Iowa, in 2014 was 11.4 Mg ha–1; average yield in Hancock county, Iowa, in 2015 was 12.6 
Mg ha–1 (USDA-NASS, 2016). Differences in 2014 grain yield can largely be attributed to 
augmented competition from initial grass stands at planting. Yield suppression of maize in 
cover systems has been attributed to early season stressors (Flynn et al., 2013). We 
hypothesize that results varied from Wiggans et al. (2012) because of the lawn-type LM 
cultivar used for overseeding in spring 2014 following insufficient initial establishment of 
pasture-type cultivar Park KB in fall 2013. The pasture-type cultivar Troy KB used by 
Wiggans et al. may have allowed for effective suppression and provided less competition 
with maize than the commercial lawn-type cultivar used in our experiment. Results from 
2015 are consistent with the findings of Abdin et al. (1997), Crusciol et al. (2013), 
and Baributsa et al. (2008), which demonstrated that similar maize grain yields in 
intercropped LM can be achieved during the LM establishment year. 
The HI did not differ between treatments in 2014 or 2015, averaging 0.52 and 0.56 
across all treatments, respectively. Kernel row number per ear did not differ between no LM 
and LM maize in 2015, but differed between the LM population sensitive (16.1 kernel rows 
ear-1) and LM population insensitive (17.1 kernel rows ear-1) varieties (P < 0.05) (Table 4). 
Maize grain quality, stover carbon/nitrogen, and sequential fiber analysis 
Grain quality (Table 4) was similar between the no LM control and LM in 2014 for 
grain oil concentration and density. However, crude protein and starch showed significant 
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differences between the no LM control and LM, with greater protein averages in no LM 
control maize and greater starch means in the LM maize. In 2014 grain density differed 
between population insensitive and sensitive hybrids in PGC and for oil between the same 
hybrids. Ethanol yield averaged 0.42 L kg–1 for both PGC and no LM systems in 2014, 
although values were significantly different (P < 0.05). No LM treatments averaged 5400 L 
ha–1 while LM treatments averaged 4187 L ha–1 ethanol production (Table 4). Grain quality 
did not differ in 2015 with respect to grain crude protein, oil, starch, density, or ethanol yield 
on a L ha–1 basis, with the exception of significant differences between the population 
insensitive and sensitive hybrids for crude protein and oil (Table 4). The 2014 first site-year 
findings are consistent with Below et al. (2000), who found that N deficiency resulted in 
greater maize kernel sugar accumulation and lower invertase activity than as in higher N 
controls, suggesting that N shapes metabolic pathways in kernel development. 
Stover C and N, on both a concentration (g kg–1) and accumulation (kg ha–1) basis, 
were similar in 2014 between treatments excepting greater mean values for the LM maize 
than control maize for stover N g kg–1 (Table 4). In 2015, both stover N g kg–1 and N kg ha–
1significantly differed between population insensitive and sensitive hybrids in PGC (P < 
0.01), greater for population insensitive hybrids (Table 4). LM maize stover C (P < 0.01) and 
N (P < 0.05), on a kg ha–1 basis, were significantly greater than those of the no LM control. 
Stover C and N concentrations on a g kg–1 basis were similar between LM and control maize. 
The maize stover C/N values were similar across treatments in both site-years, excepting the 
LM population sensitive (92.0) and insensitive hybrids (65.3) in 2015. While the stover N 
concentration was higher in LM maize in the first site-year, likely resulting from less 
remobilized N used for seedfill and probable physiological constraints in seed size, the total 
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stover N accumulation was comparable to the no LM control maize. In 2014, where LM 
competition likely decreased available N for maize uptake, delayed reproductive maturity, 
and reductions in both LAI and grain yield for LM maize were observed. The first site-year 
results are consistent with previous reports related to N limitations (Lemcoff and Loomis, 
1986), with reductions in maize leaf area, N flux (mmol N ear–1 d–1), C flux (mmol C ear–1 d–
1), and resulting grain weight in low-N compared to high-N treatments. Nitrogen stress 
delayed apical silking and the grain-fill period, resulting in lower grain yield. Nitrogen 
availability also influences kernel sink capacity (Cazetta et al., 1999), contributing to 
physiological restrictions in seed size potential. In 2015, where LM likely did not reduce 
available N for maize uptake, neither grain yield nor kernel row number per ear differed 
between LM and the no LM control. These results are supported by Below et al. (2000), who 
found that N supply had a positive relationship with grain weight and kernel number, and 
was impactful both before and during flowering. 
In 2014, total ash was not significantly different between treatments. This is 
particularly relevant in the biofuels sector in relation to biomass feedstocks, as ash 
composition determines slagging tendency (Xiong et al., 2010). The NDF and hemicellulose 
concentrations (g kg–1) were similar between the no LM control and LM, while ADF, ADL, 
cellulose, and lignin differed significantly and were greater for the no LM control maize 
(Table 5). Sequential fiber results did not differ between treatments in 2015 (Table 5). Lignin 
concentration was lower in the LM treatments in the first site-year; however, cellulose 
concentration was also lower in LM maize compared to the no LM control. Lignin and 
hemicellulose mandate pretreatment of feedstock for cellulosic ethanol production (Sun and 
Cheng, 2002), thus making reductions in lignin composition a desirable attribute for biofuels 
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purposes. However, lignin composition must still be sufficient to retain structural integrity 
during the growing season. Research has focused on both enhancing cellulosic content and 
lignin manipulations specifically for biofuels purposes (Ragauskas et al., 2006). 
Conclusion 
While yields were suppressed in response to LM competition during the 
establishment year, these field experiments also facilitate an example of successful 
concurrent PGC establishment in the growing season without statistically significant impacts 
in the LM system on grain yield. While yield reductions in the LM crop were observed in 
both soybean site-years, soybean yield components were less disparate in the second soybean 
year between the no LM soybean and LM soybean. The control and LM maize yield were 
similar in the second year. The second year LM maize generated comparable grain and stover 
quality to no LM control maize, as well as substantial grass establishment when grass was 
planted concurrently with the row crop of economic interest. We infer from the two 
experiments that the grass established best under soybean. This is likely attributable to later 
planting dates and resulting canopy closure for soybean than maize as well as an earlier 
harvest date, resulting in enhanced light capture by the emerging perennial grass seedlings. In 
relation to its use as a bioenergy feedstock, LM did not negatively impact maize stover 
quality in the second site-year nor did it negatively impact maize stover quantity in either 
year. 
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Table 5. Treatment means and significance for maize measurements including sequential fiber parameters, including total ash, neutral detergent fiber (NDF), acid 
detergent fiber (ADF), acid detergent lignin (ADL), hemicellulose, cellulose, and lignin, expressed on a g kg–1basis, at Sorenson and Northern Research Farm in 
2014 and 2015, respectively. 
Treatment† Total ash NDF ADF ADL Hemicellulose Cellulose Lignin 
 ________________________________________________ g kg-1 ________________________________________________ 
2014 
1 78 782 461 46 321 415 41 
2 74 756 432 41 323 391 36 
3 80 781 447 44 334 402 38 
4 82 782 427 44 355 382 39 
5 84 737 422 45 315 376 40 
6 83 756 436 46 320 390 40 
7 87 753 423 39 330 384 35 
8 77 750 413 41 336 373 35 
9 78 756 424 43 332 380 39 
10 85 756 424 40 332 384 36 
11 75 774 425 43 350 382 37 
12 79 740 403 40 338 363 35 
SE 5.91 10.8 10.2 2.32 7.28 9.09 2.02 
 Significant (P > F) 
Control vs. LM NS‡ NS *** ** NS ** ** 
Control vs. KB NS NS ** * NS * * 
Control vs. CF NS NS *** * * ** * 
CF vs. KB NS NS NS NS NS NS NS 
LM insensitive vs. 
LM sensitive 
NS NS NS NS NS NS NS 
2015 
1 87 776 453 49 323 404 44 
2 87 796 463 50 333 412 47 
3 90 787 454 48 333 405 42 
4 87 795 464 49 332 415 44 
5 85 792 472 53 320 419 49 
6 82 795 460 49 335 412 44 
7 89 792 466 49 326 417 44 
8 83 760 441 48 319 392 45 
9 85 787 462 49 326 413 46 
10 90 775 442 45 333 397 43 
11 92 777 441 44 336 397 40 
  
49 
Table 5. continued 
Treatment† Total ash NDF ADF ADL Hemicellulose Cellulose Lignin 
 ________________________________________________ g kg-1 ________________________________________________ 
12 68 787 476 51 311 424 49 
SE§ 4.83 12.29 8.92 2.82 5.81 7.55 2.81 
 Significant (P > F) 
Control vs. LM NS NS NS NS NS NS NS 
Control vs. KB NS NS NS NS NS NS NS 
Control vs. CF NS NS NS NS NS NS NS 
CF vs. KB NS NS NS NS NS NS NS 
LM insensitive vs. 
LM sensitive 
NS NS NS NS NS NS NS 
*Significant at P < 0.05. 
**Significant at P < 0.01. 
***Significant at P < 0.001. 
†Treatments 1 to 6 are no living mulch (LM), conventional maize: treatments 1 and 2 are population sensitive, treatments 3 and 4 are population insensitive, 
treatments 5 and 6 are DKC60-67RI; treatment 7 to 9 are maize with Kentucky bluegrass (KB): treatment 7 is population sensitive, treatment 8 is population 
insensitive, treatment 9 is DKC60-67RIB; treatments 10 to 12 are maize with creeping red fescue (CF): treatment 10 is population sensitive, treatment 11 is 
population insensitive, treatment 12 is DKC60-67RIB. 
‡ns = not significant. 
§Indicates weighted SE for all variables in 2015. 
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CHAPTER 3.    LIVING MULCH FOR SUSTAINABLE MAIZE STOVER BIOMASS 
HARVEST 
Modified from a paper published in Crop Science 
Cynthia A. Bartel8, Chumki Banik9, Andrew W. Lenssen10, Kenneth 
J. Moore11, David A. Laird12, Sotirios V. Archontoulis13, and Kendall R. Lamkey14 
Abstract 
The Renewable Fuel Standard mandate provides enhanced opportunity for maize (Zea 
mays L.) stover use as a bioenergy feedstock. Living mulch (LM) offers a possible solution 
for the natural resources constraints associated with maize stover biomass harvest. A two-
site-year study was conducted near Boone and Kanawha, IA, in both maize following maize 
(MM) and maize following soybean [Glycine max (L.) Merr.] (SM) sequences to evaluate the 
impact of established and chemically suppressed Kentucky bluegrass (Poa pratensis L.) 
‘Ridgeline’, ‘Wild Horse’, ‘Oasis’, and ‘Mallard’ blend and creeping red fescue (Festuca 
rubra L.) ‘Boreal’ as LM on three maize hybrids (population sensitive, population 
insensitive, and yield stable). Maize grain yield for the no LM treatments in the MM and SM 
sequences was 12.0 and 13.2 Mg ha−1, respectively, at Boone and 12.8 and 14.8 Mg ha−1, 
respectively, at Kanawha, 23 to 73% greater than the LM treatment. Ethanol yield (L ha−1) 
was 12 to 119% greater, protein concentration was ≤9% greater, and starch concentration 
was ≤1% lower in the no LM treatment maize than in LM treatment maize. Maize hybrid by 
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cover interaction was significant for parameters including total aboveground biomass and 
protein concentration at Boone, with inconsistent maize hybrid responses to the LM system. 
Stover yield, stover quality, stover C and N, leaf area index, maize plant density, maize 
maturity, and sequence year in the MM sequence were also evaluated. Results emphasize the 
need for maize hybrid and LM system compatibility, as well as effective LM suppression 
techniques. 
Abbreviations 
ADF; acid detergent fiber; ADL, acid detergent lignin; a.e., acid equivalent; CF, creeping red 
fescue; GDD, growing degree days; HI, harvest index; KB, Kentucky bluegrass; LAI, leaf 
area index; LM, living mulch; MM, maize following maize; NDF, neutral detergent 
fiber; SM, maize following soybean 
Introduction 
Maize (Zea mays L.) stover is harvested for a variety of uses, including as a feedstock 
for cellulosic ethanol production or for use in livestock operations as bedding or feed. The 
use of 136 billion L yr−1 of renewable fuels by 2022 is mandated by the Renewable Fuel 
Standard as established in the Energy Independence and Security Act of 2007, of which 
cellulosic biofuels would comprise 61 billion L (USDOE, 2011). The promulgated rules 
identify maize stover as a cellulosic biofuels feedstock (Schnepf, 2013), thus expanding long-
term opportunities for stover as an additional revenue stream in the renewable fuels arena. 
Other uses also enhance the economic incentive to harvest maize stover. For example, 
chemical processing of residues can increase digestibility by 35 to 62% by decomposition of 
lignocellulosic bonds (Shreck et al., 2011), making maize stover more attractive for use as a 
livestock feed, especially when grain prices escalate (Meteer, 2014). The increased harvest of 
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maize stover, however, compounds the already hefty challenges of natural resources 
conservation in conventional systems. 
Maize stover provides myriad ecosystems services, and returning stover to soil 
recycles plant nutrients. Standard fertilization practices can be insufficient to compensate for 
nutrient loss after residue removal or when soil erosion approaches the soil loss tolerance rate 
(Lindstrom, 1986). Maize stover retention in maize-based cropping systems adds C to soils 
(Wilhelm et al., 2007) and helps to maintain soil organic matter levels (Wilhelm et al., 
2004; Johnson et al., 2006). Soil organic C also affects soil aggregation and stability (Tisdall 
and Oades, 1982), which in turn affect water infiltration, movement, and storage 
(Franzluebbers, 2001). Stover needed to maintain soil organic C, estimated at 5.25 to 12.50 
Mg ha−1 at 155 g kg−1 moisture content, functions as an even greater restriction than the 
levels of stover needed to mitigate wind or water erosion (Wilhelm et al., 2007). 
Residue removal can increase both water runoff and soil erosion (Pimentel et al., 
1995). Crop residue protects the soil surface against raindrop impact (Wilhelm et al., 2004), 
as raindrop impact exacerbates erosion through the dislodging of exposed soil particles 
(Pimentel et al., 1995). In 1982, 68 million ha, or 40% of all cropland, exceeded the soil loss 
tolerance rate (USDA, 2009a). Although the amount of cropland surpassing the soil loss 
tolerance rate has declined, in 2007 there remained 40 million ha, or 28% of all cropland, 
which exceeded this rate (USDA, 2009b). While quantification of soil erosion is difficult 
(Trimble and Crosson, 2000), cropland soil erosion is estimated at 10.3 Mg ha−1 yr−1 (USDA, 
2015), whereas soil regeneration rates are only 0.02 to 1.9 Mg ha−1 y−1 (Alexander, 1988). 
Residue removal negatively impacts soil health and stability and also affects the 
productivity of the primary crop of economic interest (Wilhelm et al., 2004). The relationship 
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between residue management and maize grain yield is dependent on climate, weather, and 
tillage practices (Wilhelm et al., 2004). In the upper Midwest, for example, although stover 
removal may enhance maize grain yield in the short term, residue removal may damage soil 
quality long term through enhanced erosion and soil organic matter loss (Rogovska et al., 
2016). Although crop residue is credited as a feedstock capable of fueling growth in the 
ethanol sector in sufficiently available quantities, the environmental ramifications of its 
removal must be reconciled (DiPardo, 2000). Realization of continued crop yield increases 
requires improved management of nutrients and water (Mueller et al., 2012). Alternative 
cropping systems must therefore be designed to both facilitate a sufficient supply of biofuels 
feedstocks and foster natural resources management (Karlen et al., 2011). 
Living mulch (LM) offers a potential solution for reconciling stover removal with 
natural resources preservation, and grass species have been evaluated for their use as LM. 
Although grain yield reductions were still documented in the LM treatment 
maize, Poa and Festuca species were identified as compatible groundcovers for a maize row 
crop system (Flynn et al., 2013). Substantial benefits of cover crops in a natural resources 
management capacity occur through diminished soil erosion, enhanced soil fertility, and 
water infiltration (Teasdale, 1996). Hall et al. (1984) reported that perennial covers with 
birdsfoot trefoil (Lotus corniculatus L.) and crownvetch (Coroniilav aria L.) curtailed soil 
erosion 96.7 to 100% and also effected an 86.3 to 98% reduction in surface runoff. Weed 
control by perennial grass covers has also been documented with rye (Secale cereale L.) 
(Ateh and Doll, 1996) and Chewings fescue (Festuca rubra L. subsp. commutata Markgr.-
Dann. ‘Shadow’) (Echtenkamp and Moomaw, 1989). Living mulch that effectively 
minimizes weed competition will often compete with the grain crop, requiring suppression 
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and management of the LM itself (Teasdale, 1996). Similar maize grain yield has been 
documented between maize in strip-tilled Kentucky bluegrass (Poa pratensis L., KB) LM 
with effective suppression and the no LM treatment maize (Wiggans et al., 2012), and maize 
grain yield was highest among LM treatments with no more than 60% perennial cover in a 
chemically suppressed grass sod of tall fescue (Festuca arundinacea Schreb.), orchardgrass 
(Dactylis glomerata L.), or smooth bromegrass (Bromus inermis Leyss.) (Elkins et al., 1983). 
Another study reported that effective chemical suppression for ∼8 wk was integral to reduce 
competition between the LM and maize (Elkins et al., 1979). The well-documented critical 
period for weed control (Hall et al., 1992; Knezevic et al., 2002) emphasizes the importance 
of suppression and LM management during early-season maize growth. 
Bartel et al. (2017) assessed (i) the impact of establishing LM on developmental 
morphology and yield of soybean [Glycine max (L.) Merr.] and maize, and (ii) the success of 
LM establishment specifically during the LM establishment year in both soybean and maize 
row crop systems. We built on this previous work by conducting field studies in the early 
post-establishment production years with the objective of (i) assessing the impact of 
established LM on developmental morphology and yield of the maize crop, (ii) evaluating 
persistence of established LM, and (iii) assessing the impact of established LM on weed 
community. 
Materials and Methods 
The experimental design and many of the materials and methodologies used in this 
study were similar or identical to those included in a related study by Bartel et al. (2017). A 
two-site-year study was conducted in successive years, in 2015 at the Agronomy and 
Agricultural Engineering Sorenson Research Farm, 11.9 km southeast of Boone, IA (42°0ʹ N, 
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93°44ʹ W), and in 2016 at the Northern Research Farm, 0.5 km south of Kanawha, IA 
(42°56ʹ N, 93°47ʹ W), respectively. Climate data were obtained from the Iowa Environmental 
Mesonet stations closest to the research sites, ∼3 km northwest of Boone and 17 km north of 
Kanawha (Iowa Environmental Mesonet Network, 2017). Growing degree days (GDD) were 
calculated from planting as follows: 
 
GDD = ∑[(daily maximum temp. ≤30°C + daily minimum temp. ≥10°C)/2] – 10°C [1] 
 
where 30°C is the maximum and 10°C the base temperature for maize development. 
The Boone experiments in 2015 were located on soils dominated by Webster clay 
loam (0–2% slope, L107, fine-loamy, mixed, superactive, mesic Typic Endoaquolls), Clarion 
loam (2–6% slope, L138B, fine-loamy, mixed, superactive, mesic Typic Hapludolls), and 
Canisteo clay loam (0–2% slope, fine-loamy, mixed, superactive, calcareous, mesic Typic 
Endoaquolls). Average soil pH at the Boone site in 2015 was 6.3 and 6.6 in the 0- to 5- and 
5- to 15-cm depths, respectively. Soil-test (Mehlich-3) levels of P were 27 and 10 mg kg−1 in 
the 0- to 5- and 5- to 15-cm depths, respectively. Soil-test (Mehlich-3) levels of K were 160 
and 80 mg kg−1 in the 0- to 5- and 5- to 15-cm depths, respectively. The Kanawha 
experiments in 2016 were located on Clarion loam (2–6% slope, 138B, fine-loamy, mixed, 
superactive, mesic Typic Hapludolls) and Nicollet clay loam (1–3% slope, 55, fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls). Average soil pH at the Kanawha site in 2016 
was 5.1 and 4.9 in the 0- to 5- and 5- to 15-cm depths, respectively. Soil-test (Mehlich-3) 
levels of P were 34 and 13 mg kg−1in the 0- to 5- and 5- to 15-cm depths, respectively. Soil-
61 
 
test (Mehlich-3) levels of K were 243 and 111 mg kg−1 in the 0- to 5- and 5- to 15-cm depths, 
respectively. 
Two experiments were conducted, each with a different crop sequence. Experimental 
design consisted of a randomized complete block with three replications in each experiment. 
The first experiment included a maize following maize (MM) crop sequence, and the second 
experiment included a maize following soybean (SM) crop sequence. Results are presented 
for both experiments for the second sequence year of maize. In the MM sequence, first and 
second year maize data were available to analyze impact of sequence year from both sites 
from a related study by Bartel et al. (2017). The 9.14- by 12.19-m research plots for both 
experiments were designed to illustrate application of the proposed system on a commercial 
scale, each plot accommodating 12 maize rows with 0.76-m interrow spacings. Cropping 
systems included maize–soybean rotations prior to the establishment of the LM plots in 2014. 
The plots used in the experiments were the identical plots from Bartel et al. (2017), where 
LM was established in either soybean or maize. Permanent rows for both maize and soybean 
were established with 0.76-m interrow spacings. The LM was neither controlled nor 
suppressed during the establishment year. The MM experiment was an incomplete factorial 
with 12 unique treatments in each block (Table 1). The no LM treatments with conventional 
tillage served as the control, with each of three maize cultivars used and maize stover residue 
retention. The impact of maize stover residue removal from no LM treatments in the MM 
sequence was assessed in three additional plots per block, with conventional tillage and each 
of three maize cultivars used. The groundcover treatments each included one species of LM, 
either KB (Pennington Smart Seed Kentucky bluegrass blend, Madison, GA) or creeping red  
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fescue (Festuca rubra L.) (CF) (La Crosse Forage & Turf Seed, La Crosse, WI) with 
chemical suppression immediately after maize planting, paired with each of the three maize 
cultivars, zone tillage, and residue removal in the MM sequence. In the SM sequence, 
treatments were similar to those in the MM sequence except that no maize stover existed 
from the previous year for removal. The SM experiment was an incomplete factorial with 
nine unique treatments in each block. To assess variation in maize germplasm response to the 
LM system, three glyphosate [N-(phosphonomethyl)glycine]-resistant maize cultivars were 
planted, including yield-stable ‘DKC60-67RIB Blend’, 110 d relative maturity; population-
sensitive ‘DKC61-16RIB Blend’, 111 d relative maturity; and population-insensitive 
‘DKC57-75RIB Blend’, 107 d relative maturity (Monsanto, St. Louis, MO). The DKC60-
67RIB Blend is well suited for MM production as a yield-stable hybrid with consistent 
performance across growing regions, with a recommended planting rate of medium high to 
high (Monsanto, 2013). Population-sensitive DKC61-16RIB Blend is also well suited for 
MM production and requires higher plant density to economically optimize yield, generating 
best performance at medium high to high densities (Monsanto, 2012). Population-insensitive 
DKC57-75RIB Blend has a recommended planting rate of medium to high (Monsanto, 
2014).
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Table 1. Treatments for the maize following maize (MM) and maize following soybean (SM) sequences at Boone and Kanawha in 2015 and 2016, respectively, 
and residue removal protocol exclusively for the MM sequence. 
Treatment† Living mulch Tillage method Hybrid characteristic Residue removal N fertilizer application 
1 None Conventional Population sensitive Removed Broadcast 
2 None Conventional Population sensitive Not removed Broadcast 
3 None Conventional Population insensitive Removed  Broadcast 
4 None Conventional Population insensitive Not removed Broadcast 
5 None Conventional Yield stable Removed Broadcast 
6 None Conventional Yield stable Not removed Broadcast 
7 Kentucky bluegrass Zone tillage Population sensitive Removed Banded 
8 Kentucky bluegrass Zone tillage Population insensitive Removed Banded 
9 Kentucky bluegrass Zone tillage Yield stable Removed Banded 
10 Creeping red fescue Zone tillage Population sensitive Removed Banded 
11 Creeping red fescue Zone tillage Population insensitive Removed Banded 
12 Creeping red fescue Zone tillage Yield stable Removed Banded 
†Treatments 1 and 2, 3, and 4, and treatments 5 and 6 were duplicates within the SM sequence. 
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First Experimental Year 
Cool-season grasses at Boone were overseeded on 6 May 2014. The KB and CF seed 
were planted with a Tye 104-4204 Pasture Pleaser no-till seeder (AGCO Corporation). Seed 
was planted no deeper than 0.6 cm. The overseeding for CF was completed at 17.9 kg ha−1, 
whereas KB was seeded at 20.7 kg ha−1 to ensure adequate establishment after previous 
failed plantings. Initial grass planting at Boone in spring 2013 failed due to summer drought 
and winterkilled after replanting in September 2013. 
On 1 Dec. 2014, ∼90% of maize stover was removed from appropriate plots for the 
MM experiment at Boone with a John Deere 972 flail chopper (Deere & Company). Soil 
preparation included chisel plowing to a 25-cm depth on 12 May 2015 in the no LM 
treatment plots with a custom chisel plow. Subsequent tillage was completed on 18 May 
2015. Strip tillage was performed to a 20-cm depth in LM plots with an Unverferth Ripper 
Stripper 330 (Unverferth Manufacturing Company). The no LM treatment plots were tilled to 
a 20-cm depth with a John Deere 210 tandem disk (Deere & Company). Field cultivation was 
completed in conventional plots to a 9-cm depth with a Stan-Hoist cultivator (Stan-Hoist 
Manufacturing Company, Standard Engineering). Fertilizer was broadcast at 90 kg P ha−1 as 
P2O5 and 112 kg K ha−1 as K2O (both pre-planting) with a Befco 209 HOP Fertilizer 
Spreader on both conventional and LM plots on 28 Apr. 2015. Nitrogen as S-coated urea 
(43–0–0–4, N–P–K–S) at 191 kg ha−1 was banded on LM plots and on conventional plots 
was broadcast on 19 May 2015 with a Gandy Orbit-Air Test plot applicator (Gandy 
Company) with a 4.6-m boom. 
Planting was completed with a John Deere 7100 planter equipped with Maxemerge 
units at 80,300 seeds ha−1 on 19 May 2015. Broadcast applications of 0.56 kg a.i. 
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ha−1 paraquat (N,Nʹ-dimethyl-4,4ʹ-bipyridinium dichloride, Gramoxone SL 2.0, Syngenta 
Canada) for LM suppression were completed in LM plots immediately after maize planting 
on 19 May 2015 with a tractor-mounted Fimco sprayer (Fimco Industries) with a 4.6-m 
boom and TeeJet XR 8002 flat fan tips (Spraying Systems Company). Plots were sprayed on 
22 May 2015 with 2.17 kg a.i. ha−1 acetochlor [2-chloro-N-ethoxymethyl-N-(2-ethyl6-
methylphenyl)acetamide] and 1.75 kg a.i. ha−1 atrazine [2-chloro-4-(ethylamino)-6-
(isopropylamino)-s-triazine] and related triazines (Keystone, Dow AgroSciences) for control 
of grasses and broadleaf weeds, as well as 0.05 kg a.i. ha−1 flumetsulam [N-(2,6-
difluorophenyl)-5-methyl-1,2,4-triazolo-(1,5a)-pyrimidine-2-sulfonamide] and 0.13 kg acid 
equivalent (a.e.) ha−1 clopyralid [3,6-dichloro-2-pyridinecarboxylic acid] (Hornet, Dow 
AgroSciences) herbicide for broadleaf weed suppression. Glyphosate (Drexel Imitator Plus, 
Drexel Chemical Company) was applied on 9 June 2015 to all plots at 0.83 kg a.e. ha−1. 
Unless otherwise noted, broadcast applications of herbicides for in-season weed 
control were completed in conventional plots with a John Deere 790 tractor and Fimco 
sprayer with a 4.6-m boom and TeeJet XR 8002 flat fan tips. Herbicides were applied in LM 
plots with a John Deere 790 tractor and custom four-row Red Ball hooded band sprayer. The 
four-row hooded band sprayer ensured shielded application in a 25.4-cm width over each 
maize row, not applying chemical in 50.8 cm of each inter-row spacing so as to protect the 
LM. Both the standard, full-boom width and the banded applications were completed at 207 
kPa and 159 L ha−1 water for the treated areas. 
Second Experimental Year 
Cool-season grasses at Kanawha were planted on 29 Apr. 2015 with the same no-till 
seeder and at the same depth as at Boone. Kentucky bluegrass was seeded at 5.6 kg ha−1, and 
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CF was seeded at 13.5 kg ha−1. Approximately 90% of maize stover was removed from 
appropriate plots in the MM experiment at Kanawha on 3 Nov. 2015 after chopping with a 
John Deere H15 mower and raking with a New Holland 56 (New Holland Agriculture). All 
plots were strip tilled with a John Deere 6125R tractor and custom strip tillage toolbar to a 
20-cm depth with Yetter 2984 strip tillage row units (Yetter Manufacturing) in fall 2015. 
Spring tillage was completed on 25 Apr. 2016 prior to planting. Conventional plots were 
field cultivated to a 10-cm depth with a John Deere 6125R tractor and Wil-Rich 2500 Field 
Cultivator. Living mulch plots were strip tilled to a 20-cm depth with the same tractor and 
cultivator. Maize following maize plots were strip tilled again to a 20-cm depth with the 
same strip tillage equipment to manage residue for the planter. 
Maize plots were planted at Kanawha on 26 Apr. 2016 at 82,800 seeds ha−1 with a 
John Deere 6105R tractor and John Deere 1705 planter. An application of 0.56 kg a.i. 
ha−1paraquat (Gramoxone SL 2.0, Syngenta Canada) for LM suppression was done in LM 
plots immediately after maize planting. All chemical applications in both LM and no LM 
treatment plots were broadcast with a John Deere 6125R tractor and Century 300 three-point 
sprayer (Hiniker Agricultural Equipment) with custom hydraulic pump and GPS capability at 
276 kPa and 187 kg ha−1 water. 
Fertilizer was applied on 6 May 2016 to all plots at 65 kg P ha−1 as P2O5 and 45 kg K 
ha−1 as K2O was broadcast with a Gandy Orbit-Air Test plot applicator with a 4.6-m boom. 
An application of 168 kg N ha−1 as S-coated urea (43–0–0–4) was banded on LM plots and 
was broadcast on conventional plots with a Gandy Orbit-Air Test plot applicator with a 4.6-
m boom. 
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An application of 1.77 kg a.e. ha−1 2,4-D [2,4-dichlorophenoxyacetic acid] (Corn Belt 
6 lb. Lovol Ester, Van Diest Supply Company) and 1.06 kg a.e. ha−1 pendimethalin [N-(1-
ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine, Prowl H2O, BASF Corporation] were 
completed for LM plots on 16 May 2016. Conventional plots were sprayed on 16 May 2016 
with 0.05 kg a.i. ha−1 dimethenamid-P {(S)-2-chloro-N-[(1-methyl-2-methoxy)ethyIJ-N-(2,4-
dimethyl-thien-3-yl)-acetamide], Outlook, BASF Corporation} and 0.99 kg a.e. 
ha−1 glyphosate (Buccaneer Plus, Tenkoz) with 2.23-kg ha−1 spray grade ammonium sulfate 
spray adjuvant (Cornbelt Premium AMS, Van Diest Supply Company). 
Conventional plots were sprayed at 1.04 kg ha−1 glyphosate (Abundit Extra, Nufarm) 
with 2.23-kg ha−1 spray grade ammonium sulfate spray adjuvant (Cornbelt Premium AMS, 
Van Diest Supply Company), 0.02 kg ha−1 rimsulfuron {N-[(4,6-dimethoxypyrimidin-2-y1) 
aminocarbonyl]-3-(ethylsulfony1)-2-pyridinesulfonamide} and 0.09 kg ha−1 mesotrione [2-
(4-mesyl-2-nitrobenzoyl)-1,3-cyclohexanedione, Dupont Realm Q, E. I. du Pont de Nemours 
and Company] on 10 June 2016. 
Measurement Procedures 
Maize plant density was measured at both the V2 and R6 stage in 2015 and 2016. 
Maize maturity was assessed on a biweekly basis beginning at V6 in 2015 and V4 in 2016. 
Maize maturity was determined by the leaf collar method (Abendroth et al., 2011). Eight 
plants per plot were tagged between the V5 and V6 leaves from rows six and seven from 
which the mean plot growth stage was obtained. The husks were peeled back during the 
reproductive stages to assess kernel development and maturity. 
Leaf area index and light interception were measured biweekly using a Decagon 
AccuPAR (Decagon Devices) beginning at V9 in 2015 at Boone and V8 in 2016 at Kanawha. 
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In each plot, four measurements were taken diagonally between 1000 and 1400 h on clear 
days with a minimum of 900 μmol m−1 s−1 across the two center rows and from under the 
maize canopy, from which an average leaf area index (LAI) per plot was determined. 
The four center maize rows were harvested for grain yield data in both experiments 
with a four-row head attached to a John Deere 9450 combine at Boone and a John Deere 
9410 combine at Kanawha. Maize grain was machine harvested on 16 Oct. 2015 at Boone 
and on 21 Oct. 2016 at Kanawha. Combines were outfitted with HarvestMaster systems 
(Juniper Systems) for grain moisture, weight, and yield. Maize grain yield data were 
standardized to 150 g kg−1 moisture content. A 1.32-m row of maize (equivalent to 1.0-
m2 area) was hand harvested from the first row out from the four center rows at maize 
physiological maturity (R6) on 22 and 25 Sept. 2015 at Boone, on 20 Sept. 2016 at Kanawha, 
and again at machine harvest at both locations. The whole plant to soil surface was harvested. 
Plant number and ear number from the 1.32-m row, as well as fresh weight of stover (husks, 
stalks, and leaves) and fresh weight of ears, were recorded for a random six-plant subsample 
from each plot. Stover and harvested ears from the six-plant subsample were separated, 
retained, and dried at 70°C until a constant weight was achieved, as described by Dobermann 
(2005). In both years, grain was separated from cobs at all harvest dates, and cobs were 
added back to dried stover for total stover weight (husks, stalks, leaves, and cobs), as defined 
by Wilhelm et al. (2004). Grain moisture was analyzed using a grain moisture analyzer 
(Model GAC 2000, DICKEY-john). The dried stover samples were representatively 
subsampled and ground to pass a 1-mm sieve on a Wiley Mill (Model 4 Wiley Mill, Thomas 
Scientific). Stover yield and harvest index (HI) were calculated from the dried weights 
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obtained for each treatment. Harvest index is defined as the grain dry weight divided by the 
total aboveground biomass dry weight. 
Maize grain quality was evaluated with a Foss Infratec-1229 Whole Grain Analyzer 
(Foss North America) with transmittance near infrared spectroscopy. Parameters evaluated 
included crude protein, oil, and starch on a dry matter basis, and both ethanol yield and 
density (specific gravity) on a 150 g kg−1 moisture basis. Iowa State University Grain Quality 
Laboratory calibration model CN201301 for maize was used in both years for whole grain 
samples. As depicted by Dr. Charles Hurburgh and Glen Rippke of the Iowa State University 
Grain Quality Laboratory in the following language, the Iowa State University calibration 
process as described by Rippke et al. (1995) was subsequently the basis for the standard 
method of the American Association of Cereal Chemistry (AACC, 1999). The present 
calibrations are based on the Artificial Neural Network algorithm as adapted for Infratec 
analyzers by Foss (Büchmann et al., 2001). 
Final harvest maize stover was analyzed using sequential fiber analysis for neutral 
detergent fiber (NDF), acid detergent fiber (ADF), hemicellulose, cellulose, lignin, and ash 
(Van Soest et al., 1991). Both R6 (data not presented) and final harvest maize stover in both 
years were analyzed for C and N concentration using a vario Micro Cube Analyzer 
(Elementar Americas). 
A five-by-five frequency grid (15 cm × 15 cm per square) was used at the completion 
of the maize growing season, post-harvest in 2015, and both pre-planting and post-harvest in 
2016 to assess groundcover persistence under maize with 100 cells counted per plot (Vogel 
and Masters, 2001). The grid was placed over the LM within the interrow spacing. The 
number of squares with grasses was counted out of total squares possible to generate 
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percentage cover, yielding frequency of persistence. Weeds were assessed by counting the 
number of weeds per species in five randomly distributed 0.1-m2 hoops per plot. Weed 
counts were taken in the spring on 7 June 2016 at Kanawha prior to the first in-crop herbicide 
application and fall post-harvest at both sites on 25 Oct. 2015 at Boone and 21 Oct. 2016 at 
Kanawha. The number of weeds per species counted in the five hoops were added and 
multiplied by a factor of two to estimate the weed density (weeds m−2) and number of weeds 
per species per square meter. 
Statistical Analysis 
Data were analyzed with the PROC GLM and MIXED procedures in SAS version 9.4 
(SAS Institute, 2011). For the continuous maize sequence (MM), ANOVA was used to assess 
significant affects in the linear additive model. Location, treatment, and sequence year were 
considered fixed effects in the model, with block nested in location. Since the treatment 
structures of the experiments were incomplete factorials, estimates and differences of least 
square means were used for comparisons of treatments at α = 0.05. First-year maize data for 
the MM sequence were obtained from a related study (Bartel et al., 2017). The SM sequence 
was analyzed with a similar linear additive model, but without sequence year or resulting 
interactions because of the single year of maize data available from the SM sequence. 
Because of significant location × treatment interactions (Tables 2 and 3), data were 
subsequently analyzed within each site-year, with treatment as a fixed effect and block as a 
random effect, and are presented as such. 
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Table 2. Type III tests of significance for fixed sources of variation for maize following maize (MM) and maize following soybean (SM) measurements including 
grain yield (GY), total aboveground biomass (TAB), stover yield, harvest index (HI), stover C, stover N, C/N, grain protein, grain oil, grain starch, and grain 
density, ethanol yield (EY), and living mulch (LM) frequency. 
Source of variation GY TAB Stover  HI Stover C Stover N C/N Protein Oil Starch Density EY  
(L kg-1) 
EY  
(L ha-1) 
LM Frequency 
 MM sequence 
Location (L) NS† NS NS NS NS * * NS * ** NS NS ** ** 
Treatment (T) *** NS NS NS NS *** *** *** *** *** ** NS *** *** 
L × T ** ** ** NS NS NS NS NS NS NS * NS *** *** 
Sequence Year (Y) *** *** *** *** NS *** *** *** *** *** ** ** *** *** 
L × Y *** *** NS *** *** *** *** NS *** *** NS NS *** *** 
T × Y *** ** * NS NS NS NS ** NS NS * NS *** *** 
L × T × Y *** ** * NS NS NS NS NS NS NS *** NS *** *** 
 SM sequence 
L NS NS * NS *** NS NS NS * ** NS NS ** ** 
T *** *** *** NS NS * * *** * *** *** NS *** *** 
L × T *** NS NS NS NS NS NS NS NS NS NS NS *** ** 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
†NS, nonsignificant. 
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Table 3. Type III tests of significance for fixed sources of variation for maize following maize (MM) and maize 
following soybean (SM) measurements including total ash, neutral detergent fiber (NDF), acid detergent fiber 
(ADF), acid detergent lignin (ADL), hemicellulose, cellulose, and lignin. 
Source of variation Total 
ash 
NDF ADF ADL Hemicellulose Cellulose Lignin 
MM sequence 
Location (L) NS† * NS * NS NS * 
Treatment (T) NS NS *** NS *** *** NS 
L × T NS * * NS NS * NS 
Sequence Year (Y) NS *** *** ** *** *** ** 
L × Y NS *** *** NS ** *** NS 
T × Y NS NS NS NS * NS NS 
L × T × Y NS NS * NS NS ** NS 
SM sequence 
  L ** * * NS NS ** NS 
  T NS NS ** NS *** * NS 
  L × T NS * * NS NS NS NS 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
†NS, nonsignificant. 
 
Results and Discussion 
Weather Conditions 
The Boone research site logged 2848 GDD during the growing season from planting 
to harvest (19 May to 16 October) in 2015; the Kanawha research site logged 2893 GDD 
during the growing season from planting to harvest (26 April to 21 October) in 2016 (Fig. 1). 
Boone logged 714 mm precipitation during the 2015 growing season. Kanawha accumulated 
825 mm precipitation during the 2016 growing season (Fig. 1). Annual totals included 3642 
GDD and 1132 mm precipitation at Boone in 2015 and 3293 GDD and 1032 mm 
precipitation at Kanawha in 2016. Rainfall from April to October exceeded the trailing 30-yr 
average by 171 mm in 2015 at Boone and by 221 mm in 2016 at Kanawha. Average monthly 
high and low air temperatures did not depart substantially in either year from the trailing 30-
yr averages at either site during the growing season (Fig. 1). 
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Fig. 1. (A) Growing degree days (GDD) and departure from the 30-yr trailing average by month in 2015 for 
Boone and in 2016 for Kanawha, and (B) total precipitation and departures from the 30-yr trailing average by 
month in 2015 for Boone and in 2016 for Kanawha. 
 
Living Mulch Persistence in Maize 
A significant treatment × location interaction was observed for LM frequency in both 
sequences (Table 2). The CF maintained greater LM frequency (stand frequency) than KB in 
both crop sequences at Boone at the fall collection date in 2015, averaging 95 and 100% in 
the MM and SM sequences, respectively, compared with 57 and 94% in the MM and SM 
sequences, respectively, for KB. Kentucky bluegrass frequency exceeded CF frequency in 
both sequences at the spring and fall collection dates in 2016 at Kanawha. Kentucky 
bluegrass averaged 48% in the spring and 94% in the fall, compared with 28% in the spring 
and 78% in the fall in the MM sequence for CF. In the SM sequence, KB averaged 66% in 
spring and 93% in the fall, compared with 44% in the spring and 82% in the fall for CF. 
Although rhizomatous propagation is more robust for KB than CF, red fescues are 
more shade tolerant, require less N and other nutrients, and establish more rapidly than KB 
0
100
200
300
400
500
600
700
800
April May June July Aug. Sept. Oct.
G
D
D
Ames 2015 Britt 2016
A
-10
0
10
20
30
April May June July Aug. Sept. Oct.
P
e
rc
e
n
t 
C
h
a
n
g
e
 G
D
D
Ames 2015 Britt 2016
0
100
200
300
April May June July Aug. Sept. Oct.
P
re
ci
p
it
a
ti
o
n
 (
m
m
)
Ames 2015 Britt 2016
B
-100
-50
0
50
100
150
200
250
300
April May June July Aug. Sept. Oct.
%
 C
h
a
n
g
e
 P
re
ci
p
it
a
ti
o
n
Ames 2015 Britt 2016
74 
 
(Beard, 1972), supporting second-year results at Boone in 2015. In 2016, where KB 
persistence was superior to CF persistence, Kanawha received 272 and 93% more rain than 
the trailing 30-yr averages for September and October, respectively. Because red fescues are 
less tolerant of wet soils than KB (Beard 1972), the greater-than-average fall precipitation 
was likely disadvantageous for CF persistence at the time of post-harvest data collection. 
Grass was overseeded at Boone on 6 May 2014 because of sparse observed LM 
stands. The forage-type ‘Park’ KB and tall fescue initially planted as LM were older cultivars 
(Hall, 1996), which failed to establish after planting in spring 2013 because of summer 
drought and winterkilled after replanting in September 2013. The cultivars were selected for 
the experiments because similar maize grain yield has been documented between chemically 
suppressed forage-type ‘Troy’ KB and the no LM treatment maize (Wiggans et al., 2012). 
Existing LM stands at the time of overseeding contributed to the reductions in maize grain 
yield in the LM treatment maize at the Boone research site during the establishment year in 
2014 (Bartel et al., 2017). At Kanawha, where LM was planted concurrently with the maize 
crop, maize grain yield was similar between the no LM treatment maize and the LM 
treatment maize during the establishment year in 2015 (Bartel et al., 2017). Weather 
conditions affected LM establishment success, which implies that additional research is 
needed to identify LM species that establish consistently, to ensure compatibility between the 
LM and the maize crop, and to enhance system resiliency for system adoption by growers. 
Maize Maturity and Plant Density 
Differences were observed at Boone between the no LM treatment maize and CF 
maize in both sequences in the vegetative stages prior to R1 (P ≤ 0.01), with CF maize 
delayed by as much as one vegetative stage at biweekly collection dates (data not presented). 
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No differences were detected between treatments for the onset of R1 or R6. At Kanawha in 
both sequences, the KB maize was slower to mature through vegetative stages than either the 
no LM treatment maize or CF maize (P ≤ 0.01), with KB maize delayed by as much as two 
vegetative stages compared with the no LM treatment maize at biweekly collection dates 
(data not presented). The LM treatment maize was largely at late vegetative stages (V13, 
V14, or VT) when the no LM treatment maize reached R1 at Kanawha. Maturity for the no 
LM treatment maize with residue removal was superior to no LM treatment maize with 
residue retention in the MM sequence until V14 at Kanawha and V13 at Boone (P ≤ 0.05), as 
was maize plant density at Kanawha at V2, averaging 79,800 and 76,600 plants ha−1, 
respectively (P ≤ 0.05). 
Maize plant density was similar at Boone for the MM sequence at V2, averaging 
74,500 plants ha−1. Maize plant density at R6 was greater for both the no LM treatment maize 
and KB maize than the CF maize, averaging 75,700, 75,100, and 68,900 plants ha−1 for the 
no LM treatment maize, KB maize, and CF maize, respectively. For the SM sequence at 
Boone, maize plant density was greater for the no LM treatment maize than the CF maize at 
both the early vegetative and R6 stage, whereas maize plant density was greater for the no 
LM treatment maize than KB maize at the V2 collection date. Maize plant density at V2 
averaged 77,800, 72,900, and 70,300 plants ha−1 for the no LM treatment maize, KB maize, 
and CF maize, respectively. Density at R6 averaged 74,400, 70,300, and 67,300 plants 
ha−1 for the no LM treatment maize, KB maize, and CF maize, respectively. 
At Kanawha, differences in plant density were more pronounced throughout the 
season and in both sequences. For the MM sequence, the no LM treatment maize plant 
density was greater at V2 and R6 than the CF maize, but only greater at the R6 collection 
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date compared with the KB maize. Densities at V2 and R6 averaged 78,200 and 77,900 
plants ha−1, respectively, for the no LM treatment maize, 75,900 and 74,000 plants ha−1, 
respectively, for KB maize, and 74,000 and 72,100 plants ha−1, respectively, for CF maize. 
For the SM sequence at Kanawha, the no LM treatment maize plant density was greater than 
both the KB maize and CF maize at both collection dates. Density for V2 and R6 averaged 
81,100 and 81,200 plants ha−1, respectively, for the no LM treatment maize; 73,600 and 
72,900 plants ha−1, respectively, for CF maize; and 73,300 and 72,100 plants ha−1, 
respectively, for KB maize. 
These findings are consistent with earlier reports, which found that consistent and 
uniform maize stands in maize-sod systems were challenging to achieve (Stanley and 
Gallaher, 1980), observed delayed maturity in intercropped maize (Kloeke et al., 1989) and 
reported that greater LM cover generally resulted in lower maize plant density than the 
control (Flynn et al., 2013). Observed reductions in plant density in the no LM treatment 
maize with residue retention versus no LM treatment maize with residue removal are 
consistent with other reports regarding lower emergence rates for maize treatments with 
residue retention across various tillage methods (Dam et al., 2005) and reduced maize plant 
growth when the maize plant was in close proximity to residue (Yakle and Cruse, 1983). 
Maize Leaf Area Index 
Leaf area index was greater for the no LM treatment maize than LM treatment maize 
throughout the season in both sequences and at both sites in the second sequence year (data 
not presented). Except for the final two collection dates, the LAI values for the MM sequence 
at Boone were greater for the no LM treatment maize than the LM treatment maize (P ≤ 
0.01). While the no LM treatment maize and KB maize LAI values were similar after the R1 
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collection date, the no LM treatment maize and CF maize LAI values differed for every 
collection date (P ≤ 0.05). Leaf area index of the population-sensitive hybrid was greater than 
the population-insensitive hybrid in LM from the R1 to the R5 collection date (P ≤ 0.05). At 
Boone, no LM treatment maize LAI values were greater than CF maize LAI values in the SM 
sequence for every collection date (P ≤ 0.01). Leaf area index values for no LM treatment 
maize were similar to the KB maize at the majority of the collection dates, differing only at 
the V13 and R6 dates (P < 0.05). 
At Kanawha, LAI values were greater for the no LM treatment maize than the KB 
maize in the MM sequence at every collection date (P ≤ 0.05). The CF maize and no LM 
treatment maize were similar at several collection dates, including at V9, V14, and R5. At 
Kanawha, no LM treatment maize LAI values were greater at every collection date than 
either KB maize or CF maize in the SM sequence (P < 0.001) and also greater for CF maize 
than KB maize at every collection date (P ≤ 0.01). 
The reductions in LAI values for LM treatment maize may have resulted from several 
factors, including the lower maize plant density for the LM treatments, competition from the 
LM within the LM treatments, and/or N insufficiency. Previous reports have documented 
reductions in maize LAI where competition with weeds was observed compared with weed-
free controls (Bonilla, 1984; Hall et al., 1992). In our experiment, rapid post-suppression 
recovery of the LM during early season maize growth was observed. Early exposure to 
weeds and the maize shade avoidance response, resulting from a low-red to far-red light ratio 
shift, impedes maize biomass accumulation and leaf development (Page et al., 2009). 
Previous reports have also documented a relationship between available N and leaf area, with 
larger leaf area values observed at greater N levels (Radin, 1983). Smaller leaf area values 
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had at least some deleterious resulting effect on radiation use efficiency (Sinclair and Horie, 
1989). Reductions in maize leaf area were observed in conjunction with lower N flux (mmol 
N ear−1 d−1), C flux (mmol C ear−1 d−1), and resulting grain weight in low-N compared with 
high-N treatments (Lemcoff and Loomis, 1986). Differences in LAI observed from the late 
vegetative stages coincide with timing of enhanced N demand by maize (Bender et al., 2013). 
This conclusion regarding the effect of N insufficiency in LM treatment maize is supported 
by related research (D.A. Laird, personal communication, 2017) that depicts reduced end-of-
season stalk nitrate levels for the LM treatment maize in our study compared with the no LM 
treatment maize. 
Maize Total Aboveground Biomass, Stover Yield, Grain Yield, Yield Components, and 
Harvest Index 
The location × treatment interaction was significant in the MM sequence for maize 
total aboveground biomass, stover yield, and grain yield in the MM sequence and for maize 
grain yield in the SM sequence (Table 2). Total aboveground biomass, stover yield, and grain 
yield were greater for the no LM treatment maize than LM treatment maize in both 
sequences and at both sites, with the exception that the no LM treatment maize and KB 
maize were similar for total aboveground biomass and stover yield in the MM sequence at 
Boone, averaging 17.47 and 6.94 Mg ha-1, respectively (Tables 4 and 5). At Boone, the KB 
maize grain yield (10.7 Mg ha-1) was greater than the CF maize grain yield (8.9 Mg ha-1) in 
the MM sequence (Table 4). At Kanawha, the CF maize grain yield was greater than the KB 
maize grain yield in both the MM and SM sequences, averaging 6.7 and 9.7 Mg ha-1 for the 
KB maize and CF maize, respectively, in the MM sequence 
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Table 4. Treatment means and significance for maize following maize (MM) measurements including grain yield (GY), total aboveground biomass (TAB), stover 
yield, harvest index (HI), stover C, stover N, C/N, grain protein, grain oil, grain starch, and grain density, and ethanol yield (EY) at Boone and Kanawha in 2015 
and 2016, respectively. Grain yield was obtained from combine harvest and is expressed with grain density and EY at 150 g kg−1 moisture content. Total 
aboveground biomass, stover yield, HI, stover C, stover N, grain protein, grain oil, and grain starch are expressed on an oven-dry basis. 
Treatment† GY TAB Stover  HI Stover C Stover N C/N Protein Oil Starch Density EY EY 
 ___________ Mg ha-1 ___________  ________ g kg-1 _________  _____________ g kg-1 _____________ g cc-1 L kg-1 L ha-1 
2015 
1 11.3 17.48 6.98 0.60 480 5.3 91.6 65 32 638 1.21 0.42 4786 
2 10.3 15.96 6.25 0.62 469 4.9 95.7 64 34 636 1.20 0.42 4359 
3 12.7 21.02 8.90 0.58 474 7.0 68.6 65 37 636 1.22 0.42 5350 
4 11.5 16.56 7.62 0.54 475 6.0 79.6 59 36 641 1.22 0.43 4895 
5 13.4 20.77 8.37 0.60 471 5.5 85.9 65 33 637 1.22 0.42 5660 
6 12.8 16.36 5.81 0.64 479 4.5 108.7 63 33 638 1.21 0.42 5418 
7 10.6 17.60 6.65 0.62 479 5.8 82.2 64 34 636 1.21 0.42 4486 
8 10.3 12.61 4.76 0.66 463 5.9 81.0 58 38 640 1.21 0.43 4383 
9 11.1 18.83 7.08 0.62 489 4.6 107.6 60 33 640 1.21 0.43 4745 
10 9.6 13.56 5.23 0.61 477 5.0 96.7 60 33 639 1.19 0.43 4085 
11 8.3 15.28 6.71 0.56 467 5.0 93.8 57 36 643 1.20 0.43 3537 
12 8.8 14.23 5.51 0.61 481 4.7 104.7 58 34 641 1.20 0.43 3747 
SE 0.72 1.51 0.81 0.04 5.08 0.37 6.83 1.26 0.69 1.20 0.006 0.001 300.73 
  P > F 
No LM vs. LM *** ** ** NS‡ NS NS NS *** NS ** ** *** *** 
Hybrid NS NS NS NS NS ** * * *** NS NS NS NS 
Cover × hybrid NS * NS NS * NS NS * NS * NS NS NS 
No LM vs. KB * NS NS NS NS NS NS ** NS NS NS NS * 
No LM vs. CF *** ** * NS NS * * *** NS *** *** *** *** 
CF vs. KB ** NS NS NS NS NS NS * NS * NS NS ** 
LM insensitive vs. 
LM sensitive 
NS NS NS NS * NS NS *** *** ** NS * NS 
R1 vs. R2 NS * * NS NS * * * NS NS NS NS NS 
R1 vs. LM  *** *** ** NS NS ** * *** NS ** *** *** *** 
2016 
1 13.2 18.90 7.77 0.59 461 5.9 79.1 62 31 634 1.21 0.43 5631 
2 12.7 20.81 8.89 0.57 462 5.7 82.8 62 32 632 1.20 0.42 5375 
3 12.3 18.03 7.60 0.58 461 5.9 79.6 59 34 635 1.24 0.43 5282 
4 11.8 14.61 6.77 0.54 458 6.1 76.6 58 33 636 1.23 0.43 5073 
5 13.1 17.32 7.47 0.57 513 5.5 95.9 63 30 632 1.23 0.43 5607 
6 13.7 18.85 9.17 0.51 463 4.8 96.3 62 31 632 1.22 0.43 5830 
7 6.7 13.04 5.12 0.61 456 5.1 89.9 60 33 633 1.18 0.43 2836 
8 6.9 13.46 6.04 0.55 454 6.6 73.1 58 34 635 1.22 0.39 2727 
9 6.4 12.10 5.60 0.53 455 4.4 102.9 60 31 634 1.19 0.43 2739 
10 11.0 17.86 7.35 0.59 458 5.2 88.8 63 31 633 1.22 0.43 4682 
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Table 4. continued 
Treatment† GY TAB Stover  HI Stover C Stover N C/N Protein Oil Starch Density EY EY 
 ___________ Mg ha-1 ___________  ________ g kg-1 _________ _ _____________ g kg-1 ____________ g cc-1 L kg-1 L ha-1 
11 8.8 15.18 6.68 0.55 457 6.7 69.2 60 33 633 1.21 0.43 3738 
12 9.2 14.12 6.29 0.55 455 4.5 101.3 61 31 634 1.20 0.43 3936 
SE 0.76 1.23 0.61 0.021 14.58 0.63 6.84 1.53 0.66 1.90 0.009 0.01 348.64 
  P > F 
No LM vs. LM *** *** *** NS NS NS NS NS NS NS ** NS *** 
Hybrid NS NS NS * NS NS ** NS *** NS ** NS NS 
Cover × hybrid NS NS NS NS NS NS NS NS NS NS NS NS NS 
No LM vs. KB *** *** *** NS NS NS NS NS NS NS *** NS *** 
No LM vs. CF *** * * NS NS NS NS NS NS NS NS NS *** 
CF vs. KB *** ** * NS NS NS NS NS NS NS * NS *** 
LM insensitive vs. 
LM sensitive 
NS NS NS * NS * * NS * NS NS NS NS 
R1 vs. R2 NS NS NS * NS NS NS NS NS NS NS NS NS 
R1 vs. LM  *** *** ** NS * NS NS NS NS NS ** NS *** 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
†Treatments 1 to 6 are maize with no living mulch (LM), with residue removal for Treatments 1, 3, and 5. Treatments 1 and 2 are the population-sensitive 
hybrid, Treatments 3 and 4 are the population-insensitive hybrid, and Treatments 5 and 6 are the yield-stable hybrid. Treatments 7 to 9 are maize with Kentucky 
bluegrass (KB). Treatment 7 is the population-sensitive hybrid, Treatment 8 is the population-insensitive hybrid, and Treatment 9 is the yield-stable hybrid. 
Treatments 10 to 12 are maize with creeping red fescue (CF). Treatment 10 is the population-sensitive hybrid, Treatment 11 is the population-insensitive hybrid, 
and Treatment 12 is the yield-stable hybrid. R1, no LM treatment with residue removal; R2, no LM treatment with residue retention. 
‡NS, nonsignificant. 
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Table 5. Treatment means and significance for maize following soybean (SM) measurements including grain yield (GY), total aboveground biomass (TAB), 
stover yield, harvest index (HI), stover C, stover N, C/N, grain protein, grain oil, grain starch, and grain density, and ethanol yield (EY) at Boone and Kanawha in 
2015 and 2016, respectively. Grain yield was obtained from combine harvest and is expressed with grain density and EY at 150 g kg−1 moisture content. Total 
aboveground biomass, stover yield, HI, stover C, stover N, grain protein, grain oil, and grain starch are expressed on an oven-dry basis. 
Treatment† GY TAB Stover  HI Stover C Stover N C/N Protein Oil Starch Density EY EY 
 ___________ Mg ha-1 ___________  _________ g kg-1 _________  _____________ g kg-1 _____________ g cc-1 L kg-1 L ha-1 
2015 
1 13.2 18.33 7.58 0.59 477 6.6 73.6 67 32 635 1.21 0.42 5539 
2 11.7 18.84 8.63 0.55 476 6.9 70.0 61 35 639 1.22 0.42 4957 
3 14.6 20.20 8.39 0.58 474 6.2 78.1 68 33 635 1.24 0.42 6135 
4 9.6 15.70 6.99 0.56 476 5.2 95.7 59 34 639 1.20 0.43 4093 
5 10.7 18.23 8.32 0.54 475 6.0 81.1 59 35 642 1.21 0.43 4579 
6 11.8 13.36 5.51 0.59 469 5.4 86.7 60 33 640 1.21 0.43 5015 
7 9.4 16.60 6.54 0.60 481 5.5 88.8 63 33 638 1.20 0.42 3984 
8 8.5 18.56 8.29 0.55 470 5.4 87.2 57 35 642 1.21 0.43 3664 
9 10.8 15.30 5.88 0.62 476 5.6 86.0 62 34 638 1.21 0.42 4572 
SE 0.79 1.50 0.84 0.02 4.10 0.54 6.95 1.70 0.85 1.07 0.006 0.001 327.79 
  P > F 
No LM vs. LM *** ** * NS‡ NS ** ** *** NS *** *** *** *** 
Hybrid * NS NS NS NS NS NS * NS ** NS NS * 
Cover × hybrid NS * NS NS NS NS NS * NS NS NS NS NS 
No LM vs. KB *** ** * NS NS * ** *** NS *** ** *** *** 
No LM vs. CF *** * * NS NS ** * *** NS *** * ** *** 
CF vs. KB NS NS NS NS NS NS NS NS NS NS NS NS NS 
LM insensitive vs. 
LM sensitive 
NS NS NS NS NS NS NS NS NS ** * * NS 
2016 
1 14.6 20.99 8.47 0.60 461 6.3 76.6 65 32 629 1.22 0.42 6177 
2 14.9 20.95 8.82 0.58 457 7.3 63.1 62 34 632 1.24 0.43 6373 
3 15.0 20.74 9.38 0.55 458 6.5 72.2 65 31 631 1.25 0.43 6356 
4 5.9 11.54 4.31 0.62 456 5.4 85.0 58 32 635 1.20 0.43 2534 
5 8.2 14.13 5.57 0.60 453 5.9 78.3 58 32 636 1.23 0.43 3533 
6 6.0 10.21 4.34 0.56 449 5.9 78.5 59 33 634 1.22 0.43 2572 
7 10.1 14.13 5.37 0.62 460 5.3 89.2 58 33 636 1.21 0.43 4323 
8 10.2 15.78 6.87 0.56 452 6.4 71.1 57 34 636 1.24 0.43 4403 
9 11.0 16.21 7.21 0.57 456 5.4 85.0 63 31 633 1.23 0.43 4672 
SE 0.99 1.75 0.96 0.03 2.72 0.64 8.56 2.31 1.00 2.05 0.01 0.002 424.62 
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Table 5. continued 
Treatment† GY TAB Stover  HI Stover C Stover N C/N Protein Oil Starch Density EY EY 
 ___________ Mg ha-1 ___________  _________ g kg-1 _________  _____________ g kg-1 _____________ g cc-1 L kg-1 L ha-1 
  P > F 
No LM vs. LM *** *** *** NS ** ** * *** NS ** * *** *** 
Hybrid NS NS NS NS NS NS NS NS NS NS * NS NS 
Cover × hybrid NS NS NS NS NS NS NS NS NS NS NS NS NS 
No LM vs. KB *** *** *** NS ** * NS ** NS ** ** ** *** 
No LM vs. CF *** *** ** NS NS * NS ** NS ** NS ** *** 
CF vs. KB *** * * NS NS NS NS NS NS NS NS NS *** 
LM insensitive vs. 
LM sensitive 
NS NS NS NS * NS NS NS NS NS ** NS NS 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
†Treatments 1 to 3 are maize with no living mulch (LM). Treatment 1 is the population-sensitive hybrid, Treatment 2 is the population-insensitive hybrid, and 
Treatment 3 is the yield-stable hybrid. Treatments 4 to 6 are maize with Kentucky bluegrass (KB). Treatment 4 is the population-sensitive hybrid, Treatment 5 is 
the population-insensitive hybrid, and Treatment 6 is the yield-stable hybrid. Treatments 7 to 9 are maize with creeping red fescue (CF). Treatment 7 is the 
population-sensitive hybrid, Treatment 8 is the population-insensitive hybrid, and Treatment 9 is the yield-stable hybrid. The first three treatments were 
duplicated within each block from which the averages were derived. 
‡NS, nonsignificant. 
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and 6.7 and 10.4 Mg ha−1 for the KB maize and CF maize, respectively, in the SM sequence 
(Tables 4 and 5). Total aboveground biomass and stover yield at Kanawha were greater in the 
CF than KB maize in the SM sequence by 29 and 37%, respectively, and in the MM 
sequence by 22 and 21%, respectively (Tables 4 and 5). 
The hybrid by cover treatment interaction was significant for total aboveground 
biomass in both sequences at Boone (Tables 4 and 5). In the MM sequence at Boone, the 
population-insensitive hybrid had greater total aboveground biomass in the no LM treatments 
than LM treatments, at 18.79 and 13.95 Mg ha−1, respectively. In the SM sequence at Boone, 
the yield-stable hybrid produced greater total aboveground biomass in no LM treatments than 
LM treatments, at 20.20 and 14.33 Mg ha−1, respectively. The maize grain yield reduction for 
LM treatment maize is similar to other reports in that excessive competition from LM 
resulted in lower grain yield than conventional maize (Adams et al., 1970; Carreker et al., 
1972; Robertson et al., 1976; Flynn et al., 2013). Box et al. (1980) observed that maize grain 
yield was lower in strip-killed sod than completely killed sod, and while water availability 
was not a limitation, observed differences may have been due to phytotoxicity. Previous 
reports attribute observed yield suppression of maize in LM to early-season stresses (Flynn et 
al., 2013; Bartel et al., 2017). Yellow nutsedge (Cyperus esculentus L.) observed in the KB 
plots within the strip-tilled maize rows during the summer growing season (Bartel, personal 
observation) likely enhanced competition within KB plots for maize growth at Kanawha in 
2016. 
The N insufficiencies for the LM treatment maize documented by Banik et al. 
(2016) likely contributed to LM treatment maize yield reduction. Bennett et al. 
(1976) observed positive relationships between N application and maize grain yield in a sod-
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maize system and a generally positive relationship between the sod-applied atrazine rate and 
maize grain yield, although the relationship was, to some extent, sod species 
specific. Carreker et al. (1972) reported proportionality between grain yield and both N rates 
applied in a sod-maize system and fescuegrass [Schedonorus arundinaceus (Schreb.) 
Dumort.] cover when irrigated; however, N rates applied elicited no maize grain yield 
response in live sod without irrigation. 
The results from Wiggans et al. (2012), in which grain yield was similar between LM 
treatment maize and the no LM control, may have resulted from the enhanced compatibility 
of the LM species or cultivars used in that study. Similar maize grain yield observed under a 
variety of tillage methods was attributed to LM species compatibility (Beale and Langdale, 
1964). Effective chemical suppression in conjunction with cool-season species dormancy 
facilitates an advantage for maize in LM in the competition for resources (Elkins et al., 
1979). The inadequately suppressed LM in our experiment likely functioned as an early-
season weed, which can initiate the shade avoidance responses in maize during the critical 
period for weed control regardless of resources abundance (Page et al., 2009). Cool-season 
grass species have been identified as superior for shade tolerance to warm-season grasses, 
and cool-season grasses are more shade tolerant in the summer and fall (Lin et al., 1999). 
This enhanced shade tolerance roughly coincides with row crop canopy closure timeframes 
and depletion of photosynthetically active radiation for the LM grass species. Thus, 
compatibility and summer dormancy within a cool-season, C3 grass species may be two key 
aspects of successful LM integration into row-cropped maize. 
In the MM sequence, no LM treatment maize with residue removal had statistically 
significantly greater total aboveground biomass and stover yield than no LM treatment maize 
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with residue retention at Boone by 21 and 23%, respectively (Table 4). In the MM sequence, 
Year 1 and Year 2 differed for total aboveground biomass (20.27 vs. 16.44 Mg ha−1), stover 
yield (9.28 vs. 6.86 Mg ha−1), and grain yield (12.2 vs. 10.7 Mg ha−1) (Table 2). The 
reduction in productivity in the second-year maize with residue retention is consistent with 
the well-established yield penalty in continuous maize production (Dam et al., 2005), in part 
attributed to lower N availability from reduced net soil N mineralization and/or enhanced 
immobilization from maize biomass residue (Gentry et al., 2013). 
The HI was similar in both sequences at both sites at 0.58. Sequence year was significant in 
the MM sequence, with a lower HI for Year 1 maize (0.54) (Table 2). The greater HI in Year 
2 also reflects the lower total aboveground biomass produced in the MM sequence in that 
same year, and maize HI is affected by both genetics and environmental stresses (Prihar and 
Stewart, 1990). 
Maize Grain Quality, Stover C/N, and Sequential Fiber Analysis 
The location × treatment interaction was significant for ethanol yield (L kg−1) in the 
SM and MM sequences (Table 2). Ethanol yield (L ha−1) was 12 and 34% greater for the no 
LM treatment maize than KB maize and CF maize, respectively, and greater for KB maize 
(4538 L ha−1) than CF maize (3790 L ha−1) in the MM sequence at Boone (Table 4). No LM 
treatment maize was 28% greater for ethanol yield (L ha−1) than the LM treatment maize in 
the SM sequence at Boone, but CF maize and KB maize ethanol yield (L ha−1) were similar, 
averaging 4318 L ha−1 (Table 5). Ethanol yield (L ha−1) was 98 and 33% greater for the no 
LM treatment maize than KB maize and CF maize, respectively, and greater for CF maize 
(4119 L ha−1) than KB maize (2767 L ha−1) in the MM sequence at Kanawha (Table 4). 
Ethanol yield (L ha−1) was 41 and 119% greater for the no LM treatment maize than CF 
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maize or KB maize, respectively, and greater for CF maize (4466 L ha−1) than KB maize 
(2880 L ha−1) in the SM sequence at Kanawha (Table 5). 
In the SM sequence in both site-years, oil concentration was similar, averaging 34 g 
kg−1 at Boone and 32 g kg−1 at Kanawha (Table 5). The no LM treatment maize was greater 
than the LM treatment maize for protein concentration and maize grain density by 9 and 1%, 
respectively, in the SM sequence at both sites (Table 5). Ethanol yield (L kg−1) was greater 
for the LM treatment maize, averaging 0.43 and 0.42 for the LM treatment maize and the no 
LM treatment maize, respectively, in the SM sequence at both sites (Table 5). The 
population-insensitive hybrid in LM was greater than the population sensitive hybrid in LM 
for starch concentration, grain density, and ethanol yield (L kg−1) in the SM sequence at 
Boone, but only greater in grain density in the SM sequence at Kanawha (Table 5). 
More maize grain quality parameters were significantly different between the no LM 
treatment maize and the CF maize than the KB maize in the MM sequence at Boone (Table 
4), resulting from greater LM cover within CF plots than KB plots. The no LM treatment 
maize grain was greater for protein concentration than the LM treatment maize, averaging 64 
and 60 g kg−1, respectively. The no LM treatment maize grain also had greater density and 
lower starch concentration and ethanol yield (L kg−1) than the CF maize (Table 4). The no 
LM treatment maize and CF maize averaged 1.21 and 1.20 g cm−3, 637 and 641 g kg−1, and 
0.42 and 0.43 L kg−1, for grain density, starch concentration, and ethanol yield (L kg−1), 
respectively (Table 4). The population-sensitive hybrid in LM had greater maize grain 
protein but lower oil concentration, starch concentration, and ethanol yield (L kg−1) than the 
population-insensitive hybrid in LM (Table 4). 
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Few differences were observed for measured grain quality parameters in the MM 
sequence at Kanawha. The location × treatment interaction for grain density was significant 
in the MM sequence (Table 2). Grain density was greater for the no LM treatment maize than 
the KB maize, averaging 1.22 and 1.20 g cm−3, respectively. (Table 4). No differences were 
observed for protein concentration, starch concentration, and ethanol yield (L kg−1), 
averaging 61 g kg−1, 634 g kg−1, and 0.43 L kg−1, respectively (Table 4). Sequence year was 
significant for every grain quality parameter in the MM sequence, which were lower in Year 
2 for all parameters (data not presented). 
The hybrid × cover treatment interaction was significant for protein concentration in 
both sequences at Boone and for starch concentration in the MM sequence at Boone (Tables 
4 and 5). The population-sensitive and yield-stable hybrids had greater protein concentration 
in the no LM treatments than the LM treatments by 10 and 11%, respectively, and greater by 
8% for both hybrids in the MM sequence (Tables 4 and 5). Starch concentration was lower in 
the no LM treatment than LM treatment for the population-sensitive hybrid (638 and 641 g 
kg−1, respectively) and the yield-stable hybrid (638 and 640 g kg−1, respectively) in the MM 
sequence. 
Differences in grain quality between treatments may be attributed to both a reduction 
in assimilate supply in the LM system and genetic differences in N utilization in the maize 
hybrids. Restrictions in assimilate supply of N and sucrose have been found to concurrently 
reduce maize grain protein content and enhance maize grain starch content (Borrás et al., 
2002). Disparities in response to assimilate supply for maize grain protein have also been 
attributed to genetic differences in maize hybrid N remobilization and utilization efficiency 
(Wyss et al., 1991). 
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Stover N (g kg−1) was greater and the C/N ratio was lower for the no LM treatment 
maize than the LM treatment maize in the SM sequence at both sites (Table 5). Stover C (g 
kg−1) was greater for the no LM treatment maize than the KB maize in the SM sequence at 
Kanawha, averaging 459 and 453 g kg−1, respectively (Table 5). Stover N, stover C, and the 
C/N ratio were similar between the no LM treatment maize and LM treatment maize in the 
MM sequence at Kanawha, averaging 463 g kg−1, 5.5 g kg−1, and 86.3, respectively. The CF 
maize had lower stover N and a greater C/N ratio than the no LM treatment maize at Boone, 
likely attributable to the frequency of CF cover (Table 4). Stover N was greater and the C/N 
ratio was lower for the no LM treatment maize with residue removal than both the no LM 
treatment maize with residue retention and the LM treatment maize in the MM sequence at 
Boone (Table 4). In both sequences, stover N and C accumulation (kg ha−1) were greater for 
the no LM treatment maize than LM treatment maize (P ≤ 0.05) (data not presented). In the 
MM sequence, sequence year was significant for stover N concentration, which lower for 
second-year maize (5.4 g kg−1) than first-year maize (7.3 g kg−1) (Table 2). Sequence year 
was also significant for stover C and N accumulation, which were both greater in first-year 
maize (P < 0.001) (data not presented). The hybrid × cover treatment interaction was 
significant for stover C in the MM sequence at Boone (Table 4). The population-insensitive 
hybrid had greater stover C in the no LM treatment than the LM treatment, at 475 and 465 g 
kg−1. The yield-stable hybrid had greater stover C in the LM treatment than the no LM 
treatment, at 475 and 485 g kg−1. 
These findings suggest that more N was available to the maize in the SM sequence 
than the MM sequence, which would be consistent with previous reports concerning the 
enhancement of N availability by legumes in crop rotations for the subsequent crop (Peoples 
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et al., 2009). Although the contribution has been challenging to quantify (Peoples and 
Craswell, 1992; Varvel and Wilhelm, 2003), the soil N generated 
through Bradyrhizobium N-fixing bacteria in leguminous crops is well documented (Keyser 
and Li, 1992; Salvagiotti et al., 2008). Legume residues also have a lower C/N ratio (Gomes 
et al., 2009; Turner et al., 2016), which enhances the net N mineralization rate (Gentry et al., 
2001), in contrast with the immobilization resulting from the greater C/N ratio observed in 
maize residue (Kaboneka et al., 1997). 
The location × treatment interaction was significant for the sequential fiber analysis 
measurements (g kg−1, 100% dry matter) of NDF and ADF for both sequences, as well as 
cellulose in the MM sequence (Table 3). At Boone, acid detergent lignin (ADL) and lignin 
were greater and hemicellulose was lower for the no LM treatment maize than the LM 
treatment maize in both sequences, with ADF also greater for no LM treatment maize in the 
MM sequence (Tables 6 and 7). At Kanawha in both sequences, ADF and cellulose were 
greater for the no LM treatment maize than the LM treatment maize, with lower total ash and 
hemicellulose for the no LM treatment maize (Tables 6 and 7). Sequence year was significant 
for all parameters in the MM sequence, which were all greater in Year 2, except total ash 
(data not presented). Differences were also observed between the KB and CF maize in both 
site-years. In both sequences at Kanawha, ADF was lower and hemicellulose was greater for 
KB maize than CF maize. In the MM sequence at Boone, ADF was greater and 
hemicellulose was lower for KB maize than CF maize (Tables 6 and 7). 
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Table 6. Treatment means and significance for maize following maize (MM) measurements including sequential fiber 
parameters, including total ash, neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), 
hemicellulose, cellulose, and lignin, at Boone and Kanawha in 2015 and 2016, respectively. 
Treatment† Total ash NDF ADF ADL Hemicellulose Cellulose Lignin 
 ________________________________________________ g kg-1 ________________________________________________ 
2015 
1 72 811 489 63 322 427 60 
2 79 803 475 51 328 424 47 
3 77 801 469 53 332 415 50 
4 74 809 477 52 333 425 48 
5 86 799 479 53 320 426 49 
6 85 802 471 51 331 419 47 
7 84 799 469 46 329 424 42 
8 74 814 469 47 345 422 44 
9 82 798 469 53 329 416 49 
10 80 802 460 48 341 413 44 
11 77 803 453 43 350 410 39 
12 77 805 456 44 349 412 42 
SE 5.63 6.14 6.74 3.09 5.74 5.84 3.26 
 P > F 
No LM vs. LM NS‡ NS ** *** *** NS ** 
Hybrid NS NS NS NS * NS NS 
Cover × hybrid NS NS NS * NS NS * 
No LM vs. KB NS NS NS * NS NS * 
No LM vs. CF NS NS *** *** *** * ** 
CF vs. KB NS NS * NS ** NS NS 
LM insensitive vs. LM 
sensitive 
NS NS NS NS * NS NS 
R1 vs. R2 NS NS NS * NS NS NS 
R1 vs. LM  NS NS ** *** *** NS *** 
2016 
1 81 806 483 55 323 428 50 
2 83 796 472 53 324 419 46 
3 91 788 455 54 333 401 46 
4 91 774 446 45 328 401 37 
5 87 802 478 54 324 424 47 
6 88 805 480 52 325 428 45 
7 89 797 440 59 358 381 53 
8 97 780 432 39 348 393 32 
9 102 782 435 50 347 385 44 
10 83 804 459 47 345 412 42 
11 96 778 436 77 342 360 70 
12 94 796 453 49 343 404 42 
SE 4.19 5.61 5.90 6.81 3.80 9.10 6.79 
 P > F 
No LM vs. LM ** NS *** NS *** *** NS 
Hybrid * ** ** NS NS NS NS 
Cover × hybrid NS NS NS NS * NS NS 
No LM vs. KB ** * *** NS *** *** NS 
No LM vs. CF NS NS *** NS *** *** NS 
CF vs. KB NS NS ** NS * NS NS 
LM insensitive vs. LM 
sensitive 
* *** * NS NS * NS 
R1 vs. R2 NS NS NS NS NS NS NS 
R1 vs. LM  * * *** NS *** *** NS 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
†Treatments 1 to 6 are maize with no living mulch (LM), with residue removal for Treatments 1, 3, and 5. Treatments 1 and 
2 are the population-sensitive hybrid, Treatments 3 and 4 are the population-insensitive hybrid, and Treatments 5 and 6 are 
the yield-stable hybrid. Treatments 7 to 9 are maize with Kentucky bluegrass (KB). Treatment 7 is the population-sensitive 
hybrid, Treatment 8 is the population-insensitive hybrid, and Treatment 9 is the yield-stable hybrid. Treatments 10 to 12 are  
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Table 6. continued 
maize with creeping red fescue (CF). Treatment 10 is the population-sensitive hybrid, Treatment 11 is the population-
insensitive hybrid, and Treatment 12 is the yield-stable hybrid. R1, no LM treatment with residue removal; R2, no LM 
treatment with residue retention. 
‡NS, nonsignificant. 
 
Table 7. Treatment means and significance for maize following soybean (SM) measurements including sequential fiber 
parameters, including total ash, neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), 
hemicellulose, cellulose, and lignin, at Boone and Kanawha in 2015 and 2016, respectively. 
Treatment† Total ash NDF ADF ADL Hemicellulose Cellulose Lignin 
 ________________________________________________ g kg-1 ________________________________________________ 
2015 
1 75 803 482 53 321 430 49 
2 81 801 469 51 331 418 48 
3 78 796 474 52 322 422 48 
4 75 801 466 43 335 423 40 
5 73 820 475 45 345 430 43 
6 76 805 471 46 334 424 44 
7 74 800 463 45 337 418 43 
8 70 814 478 49 336 429 47 
9 76 787 453 44 333 409 41 
SE 5.62 9.74 8.87 2.86 6.62 7.95 2.83 
 P > F 
No LM vs. LM NS‡ NS NS ** ** NS ** 
Hybrid NS NS NS NS NS NS NS 
Cover × hybrid NS NS NS NS NS NS NS 
No LM vs. KB NS NS NS ** ** NS ** 
No LM vs. CF NS NS NS * * NS * 
CF vs. KB NS NS NS NS NS NS NS 
LM insensitive vs. LM 
sensitive 
NS NS NS NS NS NS NS 
2016 
1 85 799 482 55 317 427 48 
2 97 773 445 49 328 395 41 
3 93 800 478 53 322 425 45 
4 94 795 439 55 356 384 50 
5 102 778 429 34 348 395 28 
6 111 776 429 40 348 388 34 
7 85 804 465 44 339 421 39 
8 102 785 446 58 340 387 50 
9 97 792 455 53 337 401 45 
SE 5.98 8.00 9.28 6.36 4.44 10.20 6.05 
 P > F 
No LM vs. LM * NS *** NS *** ** NS 
Hybrid * * * NS NS NS NS 
Cover × hybrid NS NS NS NS NS NS NS 
No LM vs. KB * NS *** NS *** ** NS 
No LM vs. CF NS NS NS NS *** NS NS 
CF vs. KB NS NS ** NS ** NS NS 
LM insensitive vs. LM 
sensitive 
* * NS NS NS NS NS 
*Significant at the 0.05 probability level. 
**Significant at the 0.01 probability level. 
***Significant at the 0.001 probability level. 
†Treatments 1 to 3 are maize with no living mulch (LM). Treatment 1 is the population-sensitive hybrid, Treatment 2 is the 
population-insensitive hybrid, and Treatment 3 is the yield-stable hybrid. Treatments 4 to 6 are maize with Kentucky 
bluegrass (KB). Treatment 4 is the population-sensitive hybrid, Treatment 5 is the population-insensitive hybrid, and 
Treatment 6 is the yield-stable hybrid. Treatments 7 to 9 are maize with creeping red fescue (CF). Treatment 7 is the 
population-sensitive hybrid, Treatment 8 is the population-insensitive hybrid, and Treatment 9 is the yield-stable hybrid. The 
first three treatments were duplicated within each block from which the averages were derived. 
‡NS, nonsignificant. 
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The hybrid × cover treatment interaction was significant for ADL and lignin in the 
MM sequence at Boone and for hemicellulose in the MM sequence at Kanawha (Table 6). In 
the MM sequence at Boone, ADL was 22, 17, and 8% greater for the population-sensitive, 
population-insensitive, and yield-stable hybrids, respectively, in the no LM treatment than in 
the LM treatment (Table 6). In the MM sequence at Boone, lignin was 24, 17, and 6% lower 
for the population-sensitive, population-insensitive, and yield-stable hybrids, respectively, in 
the LM treatment than in the no LM treatment (Table 6). In the MM sequence at Kanawha, 
hemicellulose was 9, 4, and 6% greater for the population-sensitive, population-insensitive, 
and yield-stable hybrid, respectively, in the LM treatment than in the no LM treatment (Table 
6). 
Results observed are consistent with previous reports that documented an inverse 
relationship between maize ear fill and stover quality. Coors et al. (1997) found that NDF, 
ADF, and ADL concentration increased, whereas hemicellulose concentration decreased, 
with enhanced ear fill. Results are meaningful, as biomass feedstock quality influences 
biofuels production. Slagging tendency is influenced by ash composition of biomass 
feedstock (Xiong et al., 2010), and lignin and hemicellulose removal through biomass 
pretreatment liberates cellulose for biofuels production (Sun and Cheng, 2002). Research has 
focused on modifying lignin and cellulosic content to achieve desirable composition for the 
purposes of biofuels production (Ragauskas et al., 2006). 
Weed Community 
At the spring collection date at Kanawha, total weed density (weeds m−2) was greater 
in the KB plots than either the no LM plots (P < 0.001) or CF plots (P < 0.001) in the MM 
sequence. Mean weed density (minimum-maximum) in the MM sequence for the no LM 
plots, KB plots, and CF plots was 1.2 (0–12), 12.7 (4–34), and 2.2 (0–10) weeds m−2, 
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respectively. In the SM sequence, total weed density was greater in the CF plots than no LM 
plots (P < 0.05). Mean weed density for the SM sequence for the no LM plots, KB plots, and 
CF plots was 0.9 (0–4), 26.0 (0–142), and 44.4 (2–258) weeds m−2, respectively. The weed 
community at Kanawha consisted of 59% green foxtail [Setaria italica (L.) P. Beauv.], 14% 
shattercane [Sorghum bicolor (L.) Moench], and 13% toothed spurge (Euphorbia 
dentata Michx.), with 14% from 10 other species. The weed community at Kanawha was 
composed of 81 and 19% grass and broadleaf species, respectively. 
At the post-harvest collection date in the MM sequence at Boone and Kanawha, total 
weed density was similar, averaging 10.2 (0–38) and 4.3 (0–24) weeds m−2, respectively. In 
the SM sequences, total weed density was greater in the KB plots than in the no LM plots at 
Boone (P< 0.05) but was greater in both KB plots and CF plots than in the no LM plots at 
Kanawha (P < 0.05). Mean weed density in the SM sequence at Boone for the no LM plots, 
KB plots, and CF plots was 7.7 (0–42), 15.8 (8–36), and 9.6 (2–26) weeds m−2, respectively. 
Mean weed density in the SM sequence at Kanawha for the no LM plots, KB plots, and CF 
plots was 5.2 (0–32), 20.2 (0–70), and 22.4 (4–50) weeds m−2, respectively. The weed 
community at Kanawha consisted of 52% grass species (neither KB nor CF), 16% corn 
speedwell (Veronica arvensis L.), 12% giant foxtail (Setaria faberi Herrm.), and 5% wild 
buckwheat [Fallopia convolvulus (L.) Á. Löve], with 14% from six other species. The weed 
community at Kanawha was composed of 65 and 35% grass and broadleaf species, 
respectively. The weed community at Boone included 54% dandelion (Taraxacum sp. L.), 
21% other grass species (neither KB nor CF), 6% West Indian nightshade (Solanum 
ptychanthum Dunal), and 6% clover (Trifolium spp. L.), with 13% from seven other species. 
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The weed community at Boone included 79 and 21% broadleaf and grass species, 
respectively. 
Our findings are consistent with previous research in that weed suppression efficacy 
in LM systems is generally attributable to level of LM cover. Weeds compete with the grain 
crop for available resources, restricting crop yield, and may also produce allelopathic 
chemicals that, in turn, limit crop growth. Ateh and Doll (1996) observed that rye as LM 
reduced the shoot biomass of weed species, including common lambsquarters (Chenopodium 
album L.), velvetleaf (Abutilon theophrasti Medik.), and giant foxtail, by 60 to 90% in each 
of 3 yr as compared with a no rye control without weed suppression. Previous reports 
indicate significant weed control by increasing the rye cover crop seeding rate 
(Nagabhushana et al., 1995; Ateh and Doll, 1996). Ernache and Ilnicki (1990) documented 
that LM systems with subterranean clover (Trifolium subterraneum L. ‘Nangeela’) controlled 
weeds better than either dead mulch or mulch-free systems. Decreased weed pressure may 
reduce input expenses through reduced herbicide applications. Living mulches that minimize 
weed pressure usually themselves require suppression so as not to affect the companion grain 
crop (Teasdale, 1996). Overall herbicide use would therefore be contingent on levels also 
used for LM suppression. 
Conclusions 
Greater grain yield and ethanol yield were observed consistently for the no LM 
treatment maize than LM treatment maize in both the MM and SM sequences at both sites, in 
addition to reductions in LAI, plant density, total aboveground biomass, and stover yield 
within the LM treatment maize. The significant maize hybrid × LM interaction observed in 
measured parameters, particularly at Boone in the MM sequence, underscores the importance 
of further research to identify crops for LM systems that are stable and compatible. In both 
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experiments, rapid recovery of the LM species after suppression encouraged early-season 
competition with the maize crop. The LM planting failures at the Boone site presented 
challenges with LM establishment, and LM species persistence was inconsistent and location 
dependent. These conclusions emphasize the importance of both enhancing system resiliency 
and identifying effective suppression techniques to minimize LM competition, especially 
during the early critical period of growth for the maize row crop. We propose that ideal traits 
for the LM cover would include summer dormancy, receptivity to chemical or mechanical 
suppression, faster green up in the spring for nitrate N (NO3−) recycling and reduction of 
leaching, tolerance for crop canopy shade, a compatible root structure with both strong 
rhizome development and shallow root systems, and low growing height so as to interfere to 
a lesser extent with crop emergence and growth. 
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CHAPTER 4.    SIMULATING IMPACTS OF PERENNIAL COVER CROPS ON 
ANNUAL GRAIN CROP GROWTH AND YIELD 
A paper to be submitted to Agronomy Journal 
Cynthia A. Bartel1, Sotirios V. Archontoulis2, Andrew W. Lenssen3, Kenneth 
J. Moore4, Isaiah L. Huber5, David A. Laird6, and Shui-zhang Fei7 
Introduction 
Agricultural operators select cropping sequences largely because of marketing 
opportunities, established federal subsidization, and land tenancy restrictions (Wright and 
Lenssen, 2013). As a result of these influential factors, annual grain crop production 
dominates the agricultural landscape, occupying approximately 70% of croplands (Glover et 
al., 2010). Cropland dedicated specifically to maize (Zea mays L.) within the United States 
exceeds the cropland devoted to any of the other principal crops harvested (USDA, 2014). 
On a global scale, two-thirds of the world’s cropland is predominantly dedicated to maize 
and only four other cereal crops (Leff et al., 2004). Perennial crops, including orchards, 
grasses, and plantations, by contrast only comprise 13% of global harvested cropland 
(Monfreda et al., 2008).  
Initially created as part of the Energy Policy Act of 2005, the Renewable Fuel 
Standard (RFS) mandate was expanded within the Energy Independence and Security Act of 
2007. The RFS requires the production of 136 billion liters of renewable fuel annually by 
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2022, of which cellulosic biofuels would comprise 61 billion liters (USDOE, 2011). With the 
inclusion of maize stover as a feedstock for cellulosic biofuels production (Schnepf, 2013), 
the RFS enhances economic incentives for the removal of maize stover from maize-based 
cropping systems.  
In maize-based cropping systems, maize stover recycles plant nutrients back to the 
soil (Blanco-Canqui and Lal, 2009). The level of soil organic carbon and amount of crop 
residue retained in a cropping system exhibit a positive relationship (Follett, 2001). Crop 
residue, and specifically maize stover in maize-based cropping systems, add organic carbon 
back to soils (Wilhelm et al., 2007). Sufficient soil organic carbon is essential for adequate 
soil organic matter (Wilhelm et al., 2004; Johnson et al., 2006) and soil aggregation and 
stability (Tisdall and Oades, 1982). These structural features in turn affect water infiltration, 
hydraulic conductivity, and storage (Franzluebbers, 2001).  
Climate, weather, and tillage practices influence the manner in which maize stover 
removal impacts maize grain yield (Wilhelm et al., 2004). While maize stover removal may 
enhance maize grain yield in the short-term, the reduction of soil organic matter will 
negatively impact maize grain yield in the long-term (Rogovska et al., 2015). Removing 
maize stover therefore has negative ramifications for both soil fertility and long-term 
productivity (Blanco-Canqui and Lal, 2009). Maize stover also shields topsoil from raindrop 
impact (Wilhelm et al., 2004), which can exacerbate soil erosion through the dislodging of 
exposed soil particles (Pimentel et al., 1995). Soil erosion occurs at a rate several orders of 
magnitude above regeneration (Montgomery, 2007), underscoring urgency in remedying soil 
depletion before agricultural productivity declines on a large scale. This is particularly 
critical in satisfying requirements of the projected 11.2 billion global inhabitants by 2100 
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(United Nations, 2017). The closure of yield gaps between current and potential levels of 
production could meet caloric demand, but requires improved resources and nutrient 
management (Mueller et al., 2012).  
Much of the land that is considered intense maize production in the United States is 
highly erodible (Wilhelm et al., 2004). Natural resources degradation in conventional 
cropping systems therefore highlights the need for the development of alternative cropping 
systems, which can both (1) conserve natural resources and (2) meet global demands for 
food, feed, fiber, and fuel. Alternative cropping systems tailored specifically for biofuels 
feedstock production must also prioritize the management of natural resources (Karlen et al., 
2011). 
The integration of perennial groundcover into annual grain crop operations is 
uniquely positioned to satisfy both of these cropping system goals. Perennial systems 
contribute to carbon sequestration, as increased land cover enhances soil carbon (Follett, 
2001). Perennial systems therefore improve soil structure over annual cropping systems 
(Perfect et al., 1990), which also enhances water infiltration rates (Bharati et al., 2002). 
Additionally, perennial crops can substantially decrease nitrate leaching (Culman et al., 2013; 
DeHaan et al., 2016). An important advantage of integrating perennial groundcover into 
annual grain crop operations relates to utilizing the existing timing of operations. Annual 
cover crops, by contrast, present a barrier with cost of adoption, a restricted planting window, 
and an additional encumbrance with termination (Gonzalez-Ramirez et al., 2017). Activities 
such as strip tillage and chemical suppression in a perennial groundcover system may 
therefore be coupled with existing management practices in an annual grain crop operation.  
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In our previous experiments, maize grain yield in the conventional system was 
statistically significantly greater than maize grain yield in the perennial groundcover system 
for all but one site-year (Bartel et al., 2017a; Bartel et al., 2017b). A well-documented critical 
period for weed control exists during early season maize growth (Hall et al., 1992; Knezevic 
et al., 2002). Bartel et al. (2017a, 2017b) found that competition from the perennial 
groundcover triggered deleterious early season stressors for the maize crop, either from 
existing groundcover stands at the time of maize planting in the PGC establishment year or 
rapid post-suppression PGC recovery in the post-establishment year. Alternative cropping 
systems that are economically solvent are key to enhancing agroecosystem diversity 
(Liebman et al., 2008). We therefore developed an Agricultural Production Systems 
sIMulator (APSIM) simulation to address key components for perennial groundcover system 
management, namely the necessary perennial groundcover dormancy period and level of 
suppression so as to support maize grain and biomass yield. 
Materials and Methods 
The experimental design and many of the materials and methodologies used in this 
study were similar or identical to those included in related studies by Bartel et al. (2017a; 
2017b). A three-site year study was conducted in successive years, in 2014, 2015, and 2016 
at the Agronomy and Agricultural Engineering Sorenson Research Farm (‘Boone’), 11.9 km 
southeast of Boone, IA, (42°0’N; 93°44’W). Climate data were obtained from the Iowa 
Environmental Mesonet station closest to the research site at NWS COOP site Ames-8-
WSW, approximately 3 km northwest of Boone (Iowa Environmental Mesonet Network, 
2017). Growing degree days (GDD) were calculated from planting as follows:  
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GDD = ∑[(daily maximum temp. ≤30°C + daily minimum temp. ≥10°C)/2] – 10°C [1] 
 
where 30°C comprises the maximum and 10°C the base temperature for maize 
development.  
The maize in 2014, maize following maize (MM) sequence in 2015, and maize 
following two years of maize (MMM) sequence in 2016 were located on soils dominated by 
Webster clay loam (0 to 2% slope, L107, fine-loamy, mixed, superactive, mesic Typic 
Endoaquolls), Clarion loam (2 to 6% slope, L138B, fine-loamy, mixed, superactive, mesic 
Typic Hapludolls), and Canisteo clay loam (0 to 2% slope, fine-loamy, mixed, superactive, 
calcareous, mesic Typic Endoaquolls).  
The experimental design consisted of a randomized complete block (RCBD) with 
three replications. The 9.14 m by 12.19 m research plots were designed to illustrate 
application of the proposed system on a commercial scale, each plot accommodating twelve 
maize rows with 0.76 m inter-row spacings. Cropping systems included maize-soybean 
rotations prior to the establishment of the PGC plots in 2014. The plots used in the 
experiments were the identical plots from Bartel et al. (2017a), where PGC was established 
in either soybean or maize and Bartel et al. (2017b), where PGC was managed for maize 
stover biomass production. Permanent rows for both maize and soybean were established 
with 0.76-m interrow spacings. The PGC was neither controlled nor suppressed during the 
establishment year.  
The maize experiment was an incomplete factorial with the same 12 unique 
treatments in each block. For the Agricultural Production Systems sIMulator (APSIM) 
project, data were collected from four of the 12 treatments (Table 1). The conventional, no 
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PGC production system with conventional tillage served as the control with maize stover 
residue retention. The impact of maize stover residue removal from the conventional, no 
PGC production system was assessed in an additional treatment with conventional tillage. 
The two groundcover treatments each included one species of PGC, either KB (Pennington 
Smart Seed Kentucky bluegrass blend, Madison, GA) ‘Ridgeline’, ‘Wild Horse’, ‘Oasis’, and 
‘Mallard’ blend or CF (La Crosse Forage & Turf Seed LLC, La Crosse, WI) ‘Boreal’ with 
chemical suppression immediately after maize planting, zone tillage, and residue removal. 
The same maize hybrid, population insensitive DKC57-75RIB Blend, 107-day relative 
maturity, was used in all four treatments (Monsanto, St. Louis, MO; Monsanto, 2014). The 
hybrid is a drought-tolerant variety with a recommended planting rate of medium to high. 
Table 1. Treatments for the maize, maize following maize (MM), and maize following two years of maize 
(MMM) sequences at Boone in 2014, 2015, and 2016, respectively, with residue removal protocol exclusively 
for the MM and MMM sequence. 
Treatment Groundcover Tillage method Residue removal N fertilizer application 
1 None Conventional Removed  Broadcast 
2 None Conventional Not removed Broadcast 
3 Bluegrass Zone tillage Removed Banded 
4 Fescue Zone tillage Removed Banded 
 
First Experimental Year, 2014 
Initial perennial grass planting in spring 2013 established inadequately from summer 
drought, and grasses were replanted in September 2013. Cool season grasses were 
overseeded on 6 May 2014 because of limited observed cover in late spring 2014; CF plots 
maintained moderate stands but KB plots largely sustained sparse establishments after 
winterkill. The KB seed and CF seed were planted with a 2.1 m Tye 104-4204 Pasture 
Pleaser no-till seeder (AGCO Corporation, Duluth, GA). The overseeding rate for CF was 
17.9 kg ha-1 while KB was seeded at 20.7 kg ha–1 to ensure adequate establishment, and seed 
were planted no deeper than 0.6 cm.  
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An application of 2,4-D [2,4-dichlorophenoxyacetic acid] (Amine 400, PBI/Gordon 
Corporation, Kansas City, MS) was completed on plots with perennial grasses at 1.0 kg a.e. 
ha–1 on 29 May 2014 at the Boone site. Glyphosate (Drexel Imitator Plus, Drexel Chemical 
Company, Memphis, TN) was applied to no PGC control plots at 0.62 kg a.e. ha–1 on 29 May 
2014 prior to planting.  
All maize was no-till planted on 30 May 2014 with a John Deere 7100 planter 
equipped with Maxemerge units (John Deere Inc., Moline, IL) at approximately 85,200 seeds 
ha–1. Fertilizer was broadcast at 89.7 kg ha–1 actual P as P2O5, 112.1 kg ha–1 actual K as K2O 
(both pre-planting) with a Befco 209 HOP Fertilizer Spreader (Befco Inc., Rocky Mount, 
NC). Actual N at 190.6 kg ha–1 as S-coated urea (43–0–0–4) was banded on PGC plots and 
was broadcast on conventional control plots on 30 May 2014 with a Gandy Orbit-Air Test 
plot applicator (Gandy Company, Owatonna, MN) with a 4.6 m boom. Maize was planted 
later than the recommended 20 April to 5 May timeframe for Iowa (Elmore and Abendroth, 
2001). The 30 May planting date for maize was attributable to inclement weather and the 
above average precipitation recorded in the Ames, IA, area during the second quarter, in 
addition to soil being frozen in excess of 0.9-m depths during the preceding winter from 
chronically sub-zero temperatures precluding early soil sampling.  
Glyphosate (Drexel Imitator Plus, Drexel Chemical Company, Memphis, TN) was 
applied on 25 June 2014 on all maize plots at 0.73 kg a.e. ha–1. Unless otherwise noted, 
broadcast applications of herbicides for in-season weed control were completed in 
conventional plots with a John Deere 790 tractor and Fimco sprayer (North Sioux City, SD) 
with 4.6 m boom with TeeJet XR 8002 flat fan tips (Spraying Systems Co., Wheaton, IL). 
Herbicides were applied in PGC plots with a John Deere 790 tractor and custom four-row 
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Red Ball hooded band sprayer. The four-row hooded band sprayer targeted application in a 
25.4 cm width over each maize row, not applying chemical in 50.8 cm of each inter-row 
spacing so as to protect the PGC. Both standard, full-boom width and banded applications 
were completed at 207 Kilopascal (kpa) and 159 L ha–1 water for the treated areas. 
Second Experimental Year, 2015 
On 1 Dec. 2014 approximately 90% of maize stover was removed from appropriate 
plots for the MM experiment at Boone with a John Deere 972 flail chopper 
(Deere & Company, Moline, IL) with Meyer silage wagon (Meyer Manufacturing, 
Dorchester, WI). Soil preparation included chisel plowing to a 25-cm depth on 12 May 2015 
in the no PGC treatment plots with a custom chisel plow. Subsequent tillage was completed 
on 18 May 2015. Strip tillage was performed to a 20-cm depth in PGC plots with an 
Unverferth Ripper Stripper 330 (Unverferth Manufacturing Co, Inc., Kalida, OH). The no 
PGC treatment plots were tilled to a 20-cm depth with a John Deere 210 tandem disk 
(Deere & Company, Moline, IL). Field cultivation was completed in conventional plots to a 
9-cm depth with a Stan-Hoist cultivator (Stan-Hoist Manufacturing Co., Standard 
Engineering, Fort Dodge, IA). 
Fertilizer was broadcast at 90 kg P ha-1 as P2O5 and 112 kg K ha-1 as K2O (both pre-
planting) with a Befco 209 HOP Fertilizer Spreader (Befco Inc., Rocky Mount, NC) on both 
conventional and PGC plots on 28 Apr. 2015. Nitrogen as S-coated urea (43-0-0-4) at 191 kg 
ha-1 was banded on PGC plots and on conventional plots was broadcast on 19 May 2015 with 
a Gandy Orbit-Air Test plot applicator (Gandy Company, Owatonna, MN) with a 4.6 m 
boom. 
Planting was completed with a John Deere 7100 planter equipped with Maxemerge 
units at 80,300 seeds ha-1 on 19 May 2015. Broadcast applications of 0.56 kg a.i. ha-1 
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paraquat [N,N′-dimethyl-4,4′-bipyridinium dichloride] (Gramoxone SL 2.0, Syngenta 
Canada Inc., Guelph, ON) for PGC suppression were completed in PGC plots immediately 
after maize planting on 19 May 2015 with a tractor-mounted Fimco sprayer (Fimco 
Industries, North Sioux City, SD) with 4.6 m boom and TeeJet XR 8002 flat fan tips 
(Spraying Systems Co., Wheaton, IL). Plots were sprayed on 22 May 2015 with 2.17 kg a.i. 
ha-1 acetochlor [2-chloro- N-ethoxymethyl-N-(2-ethyl6-methylphenyl)acetamide] and 1.75 
kg a.i. ha-1 atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine] and related 
triazines (Keystone, Dow AgroSciences, Indianapolis, IN) for control of grasses and 
broadleaf weeds and 0.05 kg a.i. ha-1 flumetsulam [N-(2,6-difluorophenyl)-5-methyl-1,2,4-
triazolo-(1,5a)-pyrimidine-2-sulfonamide] and 0.13 kg a.e. ha-1 clopyralid [3,6-dichloro-2-
pyridinecarboxylic acid] (Hornet, Dow AgroSciences, Indianapolis, IN) herbicide for 
broadleaf weed suppression. Glyphosate [N-(phosphonomethyl)glycine] (Drexel Imitator 
Plus, Drexel Chemical Company, Memphis, TN) was applied on 9 June 2015 to all plots at 
0.83 kg a.e. ha-1. 
Third Experimental Year, 2016 
Approximately 90% of maize stover was removed from appropriate MMM sequence 
plots at Boone on 4 and 5 Nov. 2015 with a John Deere 972 flail chopper. Soil preparation at 
the site was largely completed on 13 May 2016. Chisel plowing in the no PGC control plots 
was completed to a 25-cm depth with a custom chisel plow. Strip tillage was performed in 
PGC plots to a 20-cm depth with an Unverferth Ripper Stripper 330, four-row unit with 
ripper shanks and angled coulters. No PGC control plots were tilled to a 20-cm depth with a 
John Deere 210 tandem disk. Field cultivation was completed to a 9-cm depth on 16 May 
2016 in conventional plots with a Stan-Hoist cultivator.  
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Fertilizer was broadcast on 16 April 2016 at 112.1 kg P ha-1 as P2O5 and 134.5 kg K 
ha-1 as K2O (both pre-planting) with a Befco 209 HOP Fertilizer Spreader. Nitrogen was 
split applied as S-coasted urea (43-0-0-4) at 24 kg ha-1 at maize seeding and 168 kg ha-1 
during V5 maize growth stage with a Gandy Orbit-Air Test plot applicator with a 4.6 m 
boom.  
Planting was completed in all plots on 16 May 2016 with a John Deere 7100 planter 
at 80,300 seeds ha-1. Broadcast applications of 1.12 kg a.i. ha-1 paraquat [N,N′-dimethyl-4,4′-
bipyridinium dichloride] (Gramoxone SL 2.0, Syngenta Canada Inc., Guelph, ON) were 
completed in PGC plots immediately after maize planting on 16 May 2016 with a John Deere 
790 tractor and Fimco sprayer with 4.6 m boom with TeeJet TJ 60 8004 EVS TwinJet even 
flat spray tips (Spraying Systems Co., Wheaton, IL). Different spray tips as well as paraquat 
concentrations ha-1 than those used in 2015 were intended to provide enhanced penetration 
and suppression of PGC.  
Plots were sprayed with 1.31 kg a.i. ha-1 acetochlor [2-chloro-2'-methyl-6'-ethyl-N-
ethoxymethylacetanilide], 0.10 kg a.e. ha-1 clopyralid [3,6-dichloro-2-pyridinecarboxylic 
acid], and 0.04 kg a.i. ha-1 flumetsulam [N-(2,6-difluorophenyl)-5-methyl-1,2,4-triazolo-
[1,5a]-pyrimidine-2-sulfonamide] (SureStart, Dow AgroSciences, Indianapolis, IN) for 
control of grasses and broadleaf weeds and 0.05 kg a.i. ha-1 flumetsulam [N-(2,6-
difluorophenyl)-5-methyl-1,2,4-triazolo-(1,5a)-pyrimidine-2-sulfonamide] and 0.13 kg a.e. 
ha-1 clopyralid [3,6-dichloro-2-pyridinecarboxylic acid] (Hornet, Dow AgroSciences, 
Indianapolis, IN) herbicide for broadleaf weed suppression on 19 May 2016. An application 
of 0.52 kg a.e. ha-1 2,4-D [2,4-dichlorophenoxyacetic acid] (Amine 400, PBI/Gordon 
Corporation, Kansas City, MS) and 1.06 kg a.e. ha-1 pendimethalin [N-(1-ethylpropyl)-3,4-
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dimethyl-2,6-dinitrobenzenamine] (Prowl H2O, BASF Corporation, Research Triangle Park, 
NC ) was broadcast on plots with perennial grasses on 19 May 2016, completed with a John 
Deere 790 tractor and Fimco sprayer with 4.6 m boom with TeeJet XR 8002 flat fan tips. 
Glyphosate [N-(phosphonomethyl)glycine] (Roundup PowerMAX, Monsanto, St. Louis, 
MO) was applied on all plots at 1.26 kg a.e. ha-1 and 140.3 l ha-1 water on 16 June at Boone. 
The conventional maize plots were also cultivated on 17 June with a Case International 
Harvester 63-series 4-row row-crop cultivator (Navistar International Corporation, Lisle, IL) 
with a John Deere 6215 tractor. 
Maize stand density was measured at the V2 and R6 stage in 2015 and 2016. Maize 
maturity were assessed on a biweekly basis beginning at V6 in 2015 and V4 in 2016. Maize 
maturity was determined by the leaf collar method (Abendroth et al., 2011). Eight plants per 
plot were tagged between the V5 and V6 leaves from rows six and seven from which the 
mean plot growth stage was obtained. The husks were peeled back during the reproductive 
stages to assess kernel development and maturity.  
Two 1.32 m (equivalent to 2.0 m2 area) rows were harvested at [insert dates/stages 
here] in 2015. Leaves were separated from stalks and dried at 70°C until a constant weight 
was achieved. Leaves were representatively subsampled and ground to pass a 1-mm sieve on 
a Wiley Mill (Model 4 Wiley Mill, Thomas Scientific, Swedesboro, NJ) and analyzed for C 
and N concentration using a vario Micro Cube Analyzer (Elementar Americas, Mt. Laurel, 
NJ). Six plants were representatively subsampled from the 2-1.0 area m2 maize harvested for 
leaf area index (LAI) estimation. The width was multiplied by the length of each leaf with 
green tissue from the six subsampled plants. The collective sum was then multiplied by a 
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factor of 0.75 and a ratio of the total number of plants per m2/six plant subsample to estimate 
leaf area per m2. Leaf area per m2 was then divided by a factor of 10,000 to estimate LAI. 
 
LAI = [Σ(width × length) × 0.75 × (plants per m2/six)]/10,000     [2] 
 
Soil samples were taken in both the spring at planting and fall at the R6 stage in both 
years. Samples were taken at the 0-15 cm depth in 2015 at both collection dates and at the 0-
15 and 15-30 cm depths in 2016 at both collection dates. Three samples were collected in 
each plot, each sample consisting of two probes of soil. One soil probe was taken within a 
drill row and one soil probe was taken between two drill rows. For the spring 2015 spring 
collection date, a 1.9 cm diameter probe was used; a 3.8 cm diameter probe was used for all 
other collection dates. An elutriator was used to wash soil from roots. Roots were dried in 
elutriation tubes at 60°C overnight. Roots were floated in water to remove sand and 60°C 
overnight. Organic matter was separated from roots and a dry weight was recorded for each 
plot after roots were dried at 60⁰C until a constant weight was achieved. The root mass 
obtained from each sample was used to estimate the root mass per m2 per treatment. Roots 
were ground to pass a 1.0 mm sieve on a UDY Cyclone Lab Sample Mill (UDY Corporation, 
Fort Collins, CO) and analyzed for C and N concentration using a vario Micro Cube 
Analyzer (Elementar Americas, Mt. Laurel, NJ). 
Photographs were taken of two 0.5 m2 frames throughout the growing season in each 
plot with perennial groundcover to document groundcover persistence. Grasses were then 
harvested. Tillers and stems were separated and counted, a fresh weight was obtained, and 
biomass was dried at 70°C until a constant weight was achieved. Grasses were ground to 
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pass a 1.0 mm sieve on a UDY Cyclone Lab Sample Mill (UDY Corporation, Fort Collins, 
CO) and analyzed for C and N concentration using a vario Micro Cube Analyzer (Elementar 
Americas, Mt. Laurel, NJ).  
The four center rows were harvested for yield data in both experiments with a four-
row head attached to a John Deere 9450 combine, outfitted with a HarvestMaster systems 
(Juniper Systems, Inc., Logan, Utah) for moisture, weight, and yield. Maize was machine 
harvested on 16 October 2015 and 13 October 2016. A 1.32-m row of maize (equivalent to 
1.0 area m2) was hand harvested from the first row N of the four center rows at black layer 
(R6) on 22 and 25 September 2015, on 28 September 2016, and again at final harvest in 
2016. Plant number and ear number from the 1.32-m row, as well as fresh weight of stover 
(husks, stems, and leaves), and fresh weight of ears were recorded for a random six-plant 
subsample from each plot. Stover and harvested ears from the six-plant subsample were 
separated, retained, and dried at 70°C until a constant weight was achieved as outlined in 
Dobermann (2005). The number of rows ear-1 was obtained in 2015 and number of rows ear-1 
and kernel number ear-1 in 2016 from each ear of the six randomly selected plants at both R6 
and final harvest dates. In both years, grain was separated from cobs at all harvest dates and 
cobs were added back to dried stover for total stover weight (husks, stems, leaves, and cobs) 
as defined by Wilhelm et al., 2004. Grain moisture was analyzed using a grain moisture 
analyzer (Model GAC 2000, DICKEY-john, Auburn, IL). The dried stover samples were 
representatively subsampled and ground to pass a 1-mm sieve on a Wiley Mill (Model 4 
Wiley Mill, Thomas Scientific, Swedesboro, NJ). Stover yield and harvest index (HI) were 
calculated from the dried weights obtained for each treatment. HI is defined as:  
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HI = grain dry weight/total aboveground biomass dry weight    [3] 
 
Grain quality was evaluated with a Foss Infratec-1229 Whole Grain Analyzer (Foss 
North America, Eden Prairie, MN) with transmittance near infrared spectroscopy (NIRS). 
Iowa State University calibration model CN201301 for maize was used in both years. 
Parameters evaluated for maize included crude protein, oil, and starch on a dry matter basis, 
and both ethanol yield and density on a 15% moisture basis.  
Final harvest maize stover was analyzed using sequential fiber analysis for neutral 
detergent fiber (NDF), acid detergent fiber (ADF), hemicellulose, cellulose, lignin, and ash 
(Van Soest et al., 1991). Both R6 (data not presented) and final harvest maize stover in both 
years were analyzed for C and N concentration using a vario Micro Cube Analyzer 
(Elementar Americas, Mt. Laurel, NJ).  
Modeling 
We utilized the APSIM software framework, which has capabilities of simulating 
intercropping systems. However, to our knowledge the majority of existing intercropping 
simulation studies have focused on annual crops and cash crops versus weed interactions 
early in the growing season or annual cover crops followed by an annual crop (Martinez-
Feria, 2016). Because no previous modeling example of a perennial cover crop and annual 
grain crop system was available for reference, the simulation of perennial cover crops with 
an annual cash crop had to be established. The following APSIM modules were utilized to 
simulate the perennial cover crop system: the maize and soybean [Glycine max (L.) Merr.] 
crop modules which reflect crop growth through daily time steps; the growth module for 
pasture simulations with an initial bambatsi (Panicum coloratum L.) parameterization as a 
perennial warm season grass; MICROMET for the estimation of crop transpiration of 
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competing crop canopies; canopy, a necessary module for the instruction of intercropping 
within APSIM; the SoilWat module for soil water balance; the SoilN module which reflects 
soil organic matter, inorganic N and soil temp models together; and several management 
rules including planting, fertilizer, residue removal, crop harvest (APSIM, 2017). 
We calibrated the APSIM maize model by adjusting cultivar-specific parameters to fit 
experimental data. In the maize model, we also increased radiation use efficiency (RUE) to a 
constant value of 1.8 (Lindquist et al., 2005). No further changes made in the APSIM maize 
module were made. The bamabtsi module was utilized next in succession to simulate the 
intercropping aspects of the perennial cover crop system.  
Major revisions to the crop module parameters were made to facilitate the conversion 
of a warm season grass species to a cool season grass species within the simulation. The light 
extinction coefficient for the cool season intercrop was significantly reduced, as well as the 
fraction of aboveground biomass allocated to the stem. The maximum root depth of the cool 
season perennial grass species included in our experiment was shallower than the default root 
depth associated with warm season bambatsi grass. The cool season grass intercrop was 
made much more resistant to frost than the default frost resistance set for bambatsi. The 
length of the photoperiod was extended, and the maximum leaf senescence rate due to stress 
was increased. Finally, the root N concentration was increased. The RUE for fescue was 
greater than the RUE for Kentucky bluegrass. These changes were guided by experimental 
data and expert opinion. 
Three subsequent changes were made in the source code to enable simulation of 
herbicide impacts on leaf area index. APSIM was then recompiled to continue with the 
calibration task. The changes made to the source code included the addition of three limiting 
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ratios to various plant growth processes. The first limiting ratio was associated with RUE, 
which allows the user to make RUE a fraction of its previous value for the duration of the 
herbicide’s effect. The second limiting ratio was a fraction associated with LAI reduction, 
which allows the user to specify what fraction of LAI should diminish each day for the 
duration of the herbicide’s effect. The final addition to the limiting ratio was a fraction which 
allows the user to control the amount of senescence during the period in which the herbicide 
is affecting the plant. In practice we did not find this third ratio to be useful. Finally we 
created a simple rule in the user interface of the model to allow the user to apply herbicide 
and control the effectiveness. All parameter changes are listed in Table 2. 
Table 2. Original and adjusted APSIM simulation parameter values. Original values are based on the inclusion 
of warm season bambatsi in existing APSIM simulations. Revised values are based on the inclusion of cool 
season Kentucky bluegrass and fescue. 
Parameter Original Value New Value 
Light extinction 0.7 0.37 
Stem allocation 0.6 0.23 
Frost stress (0,1, in °C) (0,2) (-14,2) 
Photoperiod (daylight hours (0,1)) (12.5,13.5) (10.5,13.5) 
Maximum leaf senescence rate 0 0.2 
Root N concentration (g g-1) 0.01 0.014 
RUE (bluegrass only, g MJ-1) 2.0 1.5 
Max root depth (cm) 200  46  
 
Results and Discussion 
Weather Conditions 
The Boone research site logged 2,664 GDD during the growing season for planting to 
harvest (30 May to 13 November) in 2014, 2,848 GDD during the growing season from 
planting to harvest (19 May to 16 October) in 2015, and 3,101 GDD during the growing 
season from planting to harvest (16 May to 13 October) in 2016 (Fig. 1). The Boone research 
site logged 680 mm, 714 mm, and 680 mm precipitation 2014, 2015, and 2016 growing 
seasons, respectively. Annual totals included 3,315 GDD and 1,027 mm precipitation at 
Boone in 2014; 3,642 GDD and 1,132 mm precipitation at Boone in 2015; and 3,915 GDD 
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and 953 mm precipitation at Boone in 2016. Rainfall from April to October exceeded the 30-
year average by 163 mm, 171 mm, 72 mm in 2014, 2015, and 2016, respectively, at Boone. 
A deficiency in early season precipitation was noticeable in June 2016, where rainfall was 
81% less than the 30-yr. trailing average. The average monthly high and low air temperatures 
did not depart substantially from the trailing 30-year averages during the growing seasons.  
 
 
Figure 1. (A) Growing degree days (GDD) and departure from the 30-yr trailing average by month in 2014, 
2015, and 2016 for Boone; and (B) total precipitation and departures from the 30-yr trailing average by month 
in 2014, 2015, and 2016 for Boone. 
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Maize Biomass Yield 
 
Figure 2. Simulated (lines) versus observed data (points +/- SE) for maize biomass (red color) and maize grain 
yield (blue color) under four studied treatments (maize intercropping with perennial bluegrass, top left panel; 
maize intercropping with perennial fescue, top right panel; continuous maize with residue retention, bottom left 
panel; and continuous maize with residue removal, bottom right panel) over three years (2014, 2015, and 2016) 
at Boone, IA.  
 
We chose to compare the APSIM model with measured maize biomass and grain 
yield (Fig. 2). Maize biomass and grain yield are traits which are both easily measured in the 
field and function as the final products of many processes simulated by the APSIM model 
(including crop phenology, leaf morphology, seed and leaf physiology). 
The final harvest maize grain yield for the no PGC treatments was 32, 30, and 53% 
greater than the PGC treatments in 2014, 2015, and 2016, respectively (Fig. 2), while final 
harvest total maize biomass yield for the no PGC treatments was 20, 35, and 28% greater 
than the PGC treatments in 2014, 2015, and 2016, respectively (Fig. 2). 
 
 
Bluegrass                         Fescue 
 
No perennial                    No perennial with residue removal 
Aboveground maize biomass             Maize grain yield 
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Soil Nitrate Concentration 
 
Figure 3. Simulated (lines) and observed soil nitrate (NO3) concentration (points +/- SE) at a 0-15 cm depth 
under four studied treatments (maize intercropping with perennial bluegrass, top left panel; maize intercropping 
with perennial fescue, top right panel; continuous maize with residue retention, bottom left panel; and 
continuous maize with residue removal, bottom right panel) over three years (2014, 2015, and 2016) at Boone, 
IA. 
 
The model simulated soil nitrate concentration over three years (Fig. 3). Soil nitrate is 
a highly dynamic variable that results as the final product of many interactive process within 
soil-crop systems (corn and/or perennial N uptake, fertilizer inputs, N deposition, residue 
decomposition, denitrification, leaching, soil N mineralization). The model simulated soil N 
dynamics effectively, and most importantly it was able to simulate the observed trends, 
peaks, and valleys throughout the simulated timeframe.  
The results of the simulation for nitrate (NO3) concentration in the soil at a 0-15 cm 
depth from each cropping sequence at Boone in 2014, 2015, and 2016, reflects distinctions in 
the impact of treatments on N use and/or mineralization (Fig. 3). The reduction in soil nitrate 
concentration for the maize with residue retention treatment compared to the soil nitrate 
concentration for the maize with residue removal treatment is consistent with the expectation 
of lower N availability from reduced net soil N mineralization and/or enhanced 
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immobilization from maize biomass residue (Gentry et al., 2013). The greater soil nitrate 
concentration in the no PGC treatments with either residue retention or residue removal than 
the PGC treatments, particularly in 2016 (Fig. 3), was further reflected in the N 
insufficiencies in the PGC treatment maize documented by Banik et al. (2016). The N 
insufficiencies in the PGC treatment maize likely contributed to the PGC treatment maize 
yield reduction. 
Maize Grain N Concentration 
Figure 4. Simulated (bars) and observed maize grain N concentration (points +/- SE) under four studied 
treatments (maize intercropping with perennial bluegrass, leftmost panel; maize intercropping with perennial 
fescue, center left panel; continuous maize with residue retention, center right panel; and continuous maize with 
residue removal, rightmost panel) over three years (2014, 2015, and 2016) at Boone, IA. 
 
Maize grain N concentration (Fig. 4) was selected to assess model accuracy both 
because it is the largest N sink in the N balance for maize and because it is easily measurable. 
The results of the simulation for maize grain N concentration at the end of season within 
from each cropping sequence at Boone in 2014, 2015, and 2016 illustrates that the N 
concentration within the no PGC treatment maize, with or without residue, was greater than 
the PGC treatment maize, especially in 2015 and 2016 (Fig. 4). In addition to the diminished 
No perennial with residue removal 
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soil N available to the maize within the PGC treatments as documented by Banik et al. 
(2016), Bartel et al. (2017a; 2017b) documented statistically significant reductions in maize 
grain protein in the PGC treatment maize.  
Perennial Cover Crop Biomass 
 
Figure 5. Simulated (lines) and observed above- and belowground perennial cover biomass (points +/- SE) 
within two studied treatments (perennial bluegrass, left panel; perennial fescue, right panel) over three years 
(2014, 2015, and 2016) at Boone, IA. Negative values are intended to reflect positive values of belowground 
root biomass. 
 
The simulation results for perennial cover crop above- and belowground biomass 
accumulation in an annual maize intercropping system (Fig. 5) indicates a higher level of 
simulation accuracy for aboveground than belowground parameters. APSIM simulation 
models are thus far typically used to simulate a single crop over a growing season of 
approximately four months in duration. Simulating multiple growing seasons is associated 
with enhanced complexity and difficulty, and the simulation of annual and perennial 
intercropping aspects over multiple growing seasons involves the most robust complexity. 
The resultant model captured biomass production and its dynamic distribution between 
Aboveground biomass             Belowground biomass 
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shoots and roots effectively. Additional experimental and modeling work is needed to 
improve the modeling accuracy, particularly in light of system complexity.  
The difference in perennial biomass accumulation between the Poa and Festuca 
groundcover species is evident in the post-establishment years (Fig. 5). The greater perennial 
biomass accumulation by the creeping red fescue impacted maize grain yield to a greater 
extent than the kentucky bluegrass PGC in 2015, such that maize grain yield was 24% greater 
in 2015 in the kentucky bluegrass treatment than the creeping red fescue treatment. These 
results are consistent with other reports, in that competitive perennial cover crops resulted in 
reductions in maize grain yield (Adams et al., 1970; Carreker et al., 1972; Robertson et al., 
1976; Flynn et al., 2013).  
N Concentration of Above- and Belowground Matter  
 
 
 
 
Figure 6. Simulated (lines) and observed N concentration (%) in above- and belowground perennial cover crop 
biomass (points +/- SE) within two studied treatments (perennial bluegrass, left panel; perennial fescue, right 
panel) over three years (2014, 2015, and 2016) at Boone, IA. 
 
Aboveground biomass             Belowground biomass 
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Impact of Perennial Cover Crop Biomass Accumulation on Maize Biomass 
Accumulation 
Several parameters were modified so as to produce a range in perennial cover crop 
biomass production to simulate the relationship between perennial cover crop biomass 
accumulation and maize biomass accumulation. Parameter modifications included the length 
of time for which an herbicide application was effective and the rate at which the herbicide 
was applied, extent of the herbicide application impact on RUE and/or LAI, N application 
rate and date of application, and quantity of solar radiation.  
 
Figure 7. Simulated (open symbols) and measured (filled symbols with lines) impact of perennial fescue cover 
crop biomass on maize biomass at the end of the maize growing season in each of two years (2015, simulated 
first year in blue color; 2016, simulated second year in red color). 
 
The APSIM simulation results regarding the impact of perennial cover crop biomass 
on maize biomass at end of the maize growing season in each of two years (2015, simulated 
first year in blue color; 2016, simulated second year in red color) (Fig. 7) can function to 
inform management decisions for a perennial cover and annual maize intercropping system, 
based on maize yield response to perennial grass biomass accumulation. We averaged fescue 
biomass from maize planting to the maize sixth leaf (V6) vegetative stage and used the 
Slope = -3.6 
Slope = -7.8 
E
n
d
 o
f 
s
e
a
s
o
n
 m
a
iz
e
 b
io
m
a
s
s
 (
k
g
 h
a
-1
) 
 
Average perennial cover crop biomass (kg ha-1) from maize planting to maize 6th leaf 
 
126 
 
average fescue biomass as an explanatory variable to estimate the resultant maize yield 
penalty. Enhanced fescue biomass accumulation during early season maize growth 
exacerbated the maize yield penalty. The slope of the line relating the end of season maize 
biomass accumulation to the average perennial cover crop biomass within year one is -3.6; 
the slope of the line within year two is -7.8 (Fig. 7). There exists a 360 kg ha-1 corn biomass 
reduction for every 100 kg ha-1 fescue biomass accumulation in year one; there exists a 780 
kg ha-1 corn biomass reduction for every 100 kg ha-1 fescue biomass in year two. The 
enhanced yield penalty from the year effect in the second year is most likely due to a larger 
fescue root mass that provides enhanced competition with the maize row crop for water and 
nutrients.  
We were also able to derive the maximum perennial cover crop biomass for maize 
plant termination. When we imposed perennial crop biomass of >2000 kg ha-1, on an average 
basis from maize planting to the V6 maturity stage, the model showed a 100% maize yield 
penalty. The simulation emphasized a critical component for system success which is to 
minimize perennial cover growth and perennial cover biomass accumulation from maize 
planting to the V6 maturity stage. The results emphasize that a research priority must be 
effective perennial cover crop suppression to manage perennial cover growth and perennial 
cover biomass accumulation. This conclusion is supported by the well-documented critical 
period for weed control which exists during early season maize growth (Hall et al., 1992; 
Knezevic et al., 2002).  
The results also indicate a distinction in sensitivity between the model and 
observation values. The model reflects a higher level of sensitivity between the average 
perennial cover crop biomass and end of season maize biomass than the experimental data, 
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attributed to the distinction in perennial cover crop distribution between the APSIM 
simulation and actual experiment. A uniform perennial cover is assumed within the APSIM 
simulation, in contrast to the 38-cm mechanical strip tillage width which is performed to 
establish the maize crop rows prior to maize planting in the actual experiment. 
Conclusion 
The APSIM simulation answered several key questions pertaining to management 
strategies for the integration of perennial cover crops in a row crop system. Namely, it was 
more clearly delineated to what extent the critical period for weed control is necessary for 
maize production in a perennial cover cropping system, and the impact of perennial cover 
crop biomass accumulation on the annual grain crop yield, thereby emphasizing the 
importance of adequate PGC suppression to support annual grain crop yields. 
This simulation is a preliminary analysis of a perennial cover and annual maize 
intercropping system. Additional study-years and measurements are needed to develop a 
robust modeling framework to comprehensively simulate this complex system. Basic 
fundamental research including RUE, root depth, and root distribution in the soil profile of 
this intercropping system is required to more thoroughly understand the mechanisms which 
influence system performance. With these enhanced measurements, model accuracy will 
improve.  
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CHAPTER 5.    GENERAL CONCLUSIONS 
The overall objective of this dissertation research was to assess the establishment and 
subsequent management of perennial groundcover in an annual grain cropping system, and 
how the groundcover impacted the annual grain crop. We established kentucky bluegrass 
(Poa pratensis L.) or creeping red fescue (Festuca rubra L.) as perennial groundcover (PGC) 
concurrently with either three unique maize hybrids or soybean, and field studies were 
conducted with the objectives of: (i) establishing PGC under either maize or soybean, and (ii) 
assessing the impact of establishing PGC on developmental morphology and yield of the 
primary crops of economic interest. Subsequent field studies were conducted in the early 
post-establishment production years with the objectives of (i) assessing the impact of 
established PGC on developmental morphology and yield of the maize crop, (ii) evaluating 
persistence of established PGC, and (iii) assessing the impact of established PGC on the 
weed community. We then developed an Agricultural Production Systems sIMulator 
(APSIM) simulation to address key components for the management of this cropping system, 
namely the necessary perennial groundcover dormancy period and level of suppression so as 
to support the grain and biomass yield of the annual grain crop. 
In the second chapter, establishment of perennial groundcovers for maize-based 
bioenergy production systems, we determined that yields were suppressed in response to 
PGC competition during the groundcover establishment year. During the establishment year, 
maize and soybean yield in the no PGC control were 27-84% greater than the PGC 
treatments. These field experiments also facilitate an example of successful concurrent PGC 
establishment in the growing season without statistically significant impacts in the PGC 
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system on maize grain yield. Maize grain yield and ethanol yield were similar at one 
location. 
In the third chapter, living mulch for sustainable maize stover biomass harvest, we 
determined that maize grain yield was greater in the no PGC treatments than the PGC 
treatments, likely attributable to enhanced competition from the groundcover. In the post-
establishment years, maize grain yield for the no PGC treatments was 23-73% greater than 
the PGC treatments. Ethanol yield was 12-119% greater, protein concentration was 9% 
greater, and starch concentration was 1% less in the no PGC treatment maize than in PGC 
treatment maize. Maize hybrid by cover interaction was significant, with inconsistent maize 
hybrid responses to the PGC system.  
In the fourth chapter, simulating impacts of perennial cover crops on annual grain 
crop growth and yields, we determined that annual grain crop production could be 
comparable in PGC and no PGC systems, but that length of dormancy and PGC biomass 
were integral factors in achieving this outcome. 
Research results provided key insights into challenges in the development and 
deployment of a PGC and annual grain crop system. Yields achieved from maize grown in 
PGC, when competition from the perennial cover is sufficiently diminished early in the 
season, can be comparable to conventional row cropped maize (Wiggans et al., 2012); 
however, excessive competition from the PGC, especially when causing early season stress, 
has proven problematic for securing comparable yields in PGC treatments (Bartel et al., 
2017). During the establishment year, the perennial groundcover failed twice to adequately 
establish, from summer drought on the first occasion and winterkill in the second instance. 
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Resilience to climate stress is also therefore essential for groundcover establishment and 
persistence, and eventual producer adoption (Bartel et al., 2017). 
Alternative cropping systems that are economically viable are key to enhancing 
agroecosystem diversity (Liebman et al., 2008). Additionally, little research has been 
conducted to ascertain which traits of potential perennial groundcover species are best suited 
for the integration into row crop systems (Flynn et al., 2013), which is critical to devise 
effective management practices and attain sufficient grain and biomass yield from the row 
crop. Our results therefore indicate that further research is needed to identify suitable grass 
species and accessions and annual grain crop varieties for a perennial groundcover and 
annual grain crop system, maximize compatibility between the annual grain crop and 
perennial groundcover in this system, and identify effective management techniques to 
achieve subsequent natural resources benefits in row crop production while supporting 
annual grain crop yield. These conclusions emphasize the importance of enhancing system 
resiliency and identifying effective suppression techniques to minimize PGC competition, 
especially during the early critical period of growth for the annual grain crop.  
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